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Preface 


In general, the highly purified single crystal 
of a metal is soft and malleable. This may not 
be desirable and for this reason most metals 
are used in the form of alloys. The word “al- 
loy” is derived from the Latin alligare, mean- 
ing “to bind to”, which gave the French word 
“alliage”. An alloy is formed by combining a 
metal with other metals, nonmetals, or metal- 
loids, Alloys are used because they have spe- 
cific properties that are more attractive than 
those of the pure metals. For example, some 
alloys possess high strength, others have low 
melting temperatures, some are especially re- 
sistant to corrosion, and others have desirable 
magnetic, thermal, or electrical properties. 
Brass is an alloy made with copper and zinc. 
Steel is an alloy made with iron and carbon, a 
nonmetal. Alloy steels are made by alloying 
steel with other metals; for example, stainless 
steel is a chromium-nickel steel. Ferrosilicon 
is an alloy of iron with silicon — a metalloid. 
Alloys with mercury are called amalgams. A 
few metals are, however, used in the pure 
form; copper for electrical purposes is pure 
metal while for construction purposes it is 
used in the form of an alloy. A pure metal usu- 
ally has high electrical conductivity, while the 
alloy is usually harder and may have a much 
lower conductivity. 

Information on alloys are readily available 
in textbooks on physical metallurgy and mate- 
rials science. But this represents only few 
pages and therefore cannot satisfy the needs of 
a practising engineer or an advanced student. 

An excellent reference book on alloys of 
reasonable size and covering both ferrous and 
nonferrous alloys is the three-volume work Al- 
liages métalliques, a part of the French series 
Nouveau traité de chimie minérale edited by 
Paul Pascal. But these are already out of date 
(published 1962-1964) and out of print. 

The ASM Metals Handbook includes a 
large volume on alloys, but this is bulky and 
concentrating mainly on phase diagrams. 


ASM published also comprehensive refer- 
ence works on alloys as follows: 


e Binary Alloy Phase Diagrams, in 11 vol- 
umes 

e Handbook of Ternary Alloy Phase Dia- 
grams, in 10 volumes 


e Handbook of Crystallographic Data for In- 
termetallic Phases, in 4 volumes 

e Atlas of Crystal Structure Types for Interme- 
tallic Phases, in 4 volumes 

e Ternary Iron Monograph Series, in 7 vol- 
umes 

ө Alloy Phase Diagram Reference Works, in 5 
volumes 

Further, the Metal Information Analysis 
Center of the US Department of Defense pub- 
lished recently a three-volume set, Properties 
of Intermetallic Alloys. 

VCH published also a large volume on non- 
ferrous alloys, e.g., Volume 8 of the 18-vol- 
ume series Materials Science and Technology, 
and a compendium entitled Ternary Alloys 
with 15 volumes to date. 

It is evident, therefore, that the literature on 
alloys is vast, and there is a need for a small, 
compact, and up-to-date volume that covers 
the ferrous and the nonferrous alloys. 

The present work represents this effort and 
is composed of five parts: 

e Part 1: General Aspects, 

e Part 2: Alloy Steels, 

e Part 3: Primary-Metal Alloys, 1.е., alloys of 
copper, lead, zinc, tin, and nickel, 

e Part 4: Light-Metal Alloys, 

e Part 5: Other Alloy Systems, which covers 
precious metals, refractory alloys, nuclear- 
reactor alloys, rare-carth alloys, alkali- 
metal, secondary-metal (cobalt, bismuth, 
cadmium, mercury), and miscellancous al- 
loys (indium, chromium, and manganese). 

Alloy steels represent one quarter of the 
book. Parts 3, 4, and 5 are nearly of equal size, 
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and represent the bulk of the remaining part. mended for practising engineers, metallurgists 
Ferroalloys are discussed in the Handbook of and mining engineers. 
Extractive Metallurgy published by WILEY- 
VCH in 1997. Е : 
The articles of this book are a collection Québec City, March 1998 
from Ullmann' Encyclopedia of Industrial 
Chemistry compiled by over 60 specialists in Fathi Habashi 
their fields and together form a handy and an 
authoritative reference work that is recom- 
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1.1 Historical 


1.11 From Early Times to the 
Renaissance 


Except for native copper and gold, the first 
metals of technological importance were al- 
loys. Bronze, an alloy of copper and tin, is ap- 
preciably harder than copper. This quality 
made bronze so important that a civilization of 
several millennia ago became known as the 
Bronze Age. Electrum, an alloy of gold and 
silver, occurs in native state and was used by 
the ancient people. 


In antiquity, the principal use of tin was for 
making bronze, though occasionally it was 
employed alone. The early history of tin is 
very obscure and no evidence can be found to 
show when it was discovered. It is most proba- 
ble that bronze was made some considerable 
time before tin as an individual metal was iso- 
lated. It is also probable that tin ore was mixed 
with copper ore to give bronze. It needs not 
necessarily have been recognized at first that 
the tin ore was essentially different from the 
copper ore — all the knowledge required be- 
ing a realization that an ore from a certain 


place, when added to copper ore, produced an 
improved form of copper. 

Brass is а copper-zine alloy of improved 
properties regarding casting, corrosion resis- 
tance, etc. It is known that oxidized zinc ores 
were found in Persia, but it is certain that me- 
tallic zinc was never prepared from these ores. 
The reason is that zinc ores are difficult to re- 
duce. First, a high temperature (about 
1300 °C) is needed. Second, since this temper- 
ature is above the boiling point of the metal, 
its vapor distills off and is reoxidized by the 
exit gases to form zinc oxide powder: 


ZnO + CO ® Zn + CO, 


However, it is possible that these ores were 
used by the Romans to prepare brass in two 
ways. Either reducing a mixture of copper ores 
and zinc ores, or heating metallic copper with 
a mixture of zinc ore and charcoal. Under such 
circumstances, a proportion of zinc vapor 
formed in the vicinity of the copper will alloy 
with it forming brass. 

Pliny the Elder (23-79 A.D.), the Roman 
philosopher and author of Natural History in 
37 books, discussed mining and metallurgy of 
his time among other things. He gave a 
method of purifying mercury by squeezing it 


through leather, and described the amalgam- 
ation process. He introduced the term “amal- 
рат”, from malagma or mallasso = I soften, 
because mercury softens gold and silver. 

Gold was an expensive metal. It was not 
necessary to have articles made of solid gold 
since it was possible to prepare gold in thin 
foils and cover the object completely with 
them so that they appear as if they were made 
of gold. The technique was used by the An- 
cient Egyptians. 

Later on, gold foils were made even thinner 
— what became known as gold leaves. This 
made possible the gilding of large objects, 
e.g., Statues, ceilings, columns, etc., with the 
minimum consumption of gold. To cover a 
statue standing in the street with a very thin 
layer of gold that would resist exposure to rain 
and wind, use was made of mercury as a stick- 
ing medium. 

This process is known as the cold-gilding 
process and it applies well on copper: gold leaf 
adheres firmly on the shiny amalgamated cop- 
per surface. When copper alloys are used as 
substrate, however, the gold leaf does not ad- 
here firmly. Since copper is more difficult to 
cast than bronze or brass, it became necessary 
to find a new gilding method. This was 
achieved later, it what became known as the 
hot gilding method. In this method, gold is dis- 
solved in mercury, and the amalgam is painted 
on the clean surface of the metal object. The 
surface is then heated to expel the mercury, 
leaving behind a thin layer of gold. This 
method was still in use even in the nineteenth 
century, especially in Russia, in spite of its 
hazardous nature. 

American Indians were the first to make 
gold-copper, gold-platinum, and silver-cop- 
per alloys. Alloys known as tumbaga were 
made in Colombia, Panama, and Central 
America before the Spanish <Conquest. When 
gold is mixed with copper, the melting point of 
the alloy may be reduced to as low as 800 °C. 
This offered a considerable advantage. In ad- 
dition, pieces cast in tumbaga reproduced dec- 
orative details from the mould more finely 
than those made in pure copper or gold. Also, 
the smiths could make the finished product al- 
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most as hard as bronze by repeatedly hammer- 
ing it. Once the object was finished, it was 
heated to oxidize the surface copper then the 
black copper oxide was removed by immer- 
sion in a pickling bath of acid solution; the re- 
sult is a surface of gold. Juice of plants of the 
Oxalidacee family or corrosive agents of min- 
eral origin, such as the oxidation products of 
iron sulfide, could be used to make the acid 
solution. Such gilding methods had little to do 
with saving amounts of gold, because the pro- 
cesses actually left a considerable amount of 
gold hidden within the alloy. Anything made 
of this alloy looked like solid gold even if the 
copper content was high. 

A similar technique was applied to an alloy 
of silver and copper so that the finished ob- 
jects looked like pure silver. An alloy that had 
a pure gold surface like tumbaga but contained 
copper, silver, and gold was also produced. 
The copper was apparently removed by a pro- 
cess of oxidizing and pickling before the ob- 
ject was rubbed in another corrosive chemical, 
e.g., a paste of ferric sulfate, and common salt 
to remove the silver. Both salt and ferric sul- 
fate are in plentiful supply in the region where 
these alloys were produced. 

Gold-platinum alloys were developed by 
Ecuadorian smiths, probably before 1000 
A.D. Platinum melts at 1750 °C, a temperature 
far beyond the range of the most sophisticated 
furnaces of the day. To combine it with gold, 
the Inca metalsmiths mixed gold with grains 
of platinum, then heated the mixture until the 
gold particles melted and bonded the platinum 
particles into a compact mass. The mixture 
was then hammered and heated repeatedly un- 
til the mass became homogeneous. 

Tin amalgam was used for making mirrors 
in ancient times and was fully described by 
Biringuccio in his Pirotechnia published in 
1540. With the discovery of printing by 
Gutenberg in 1450, the type metal alloys made 
of tin, lead, and antimony was developed and 
was also mentioned by Biringuccio. Nickel- 
containing alloys were in use long before the 
metal nickel was discovered in Europe in 
1751. For centuries the Chinese had been 
making “pai thung” or “white copper” (40% 
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Cu, 32% Ni, 25% Zn, and 3% Fe) which re- 
sembled silver in appearance. This material 
appeared in Europe ın small quantities in the 
late 1700s. Since it cost only one quarter the 
price of silver, the alloy had obvious commer- 
cial potential as a silver substitute. 


1.1.2 The Eighteenth Century 


In 1786 the French chemist Marcellin Ber- 
thollet and others established that the differ- 
ence between iron and steel is due to carbon. 
Later, the deliberate addition of certain ele- 
ments to steel to obtain enhanced properties 
began in 1819 when Michael Faraday investi- 
gated the properties of alloys of iron with a 
large number of other elements including 
nickel. He was inspired by the fact that mete- 
orites which do not rust, contained about 8% 
Ni. He did not, however, pursue the matter, be- 
ing occupied by his research into electromag- 
netic induction. He left records of his work 
and a large number of specimens which were 
analyzed in 1931 by Robert Hadfield, who 
pointed out that had Faraday continued his in- 
vestigation the Alloy Steel Age would proba- 
bly have started fifty years earlier. 


1.1.3 The Nineteenth Century 


By the 1830s, copper-nickel-zinc alloys, 
then known as German Silver were being pro- 
duced commercially in both Germany and En- 
gland in significant amounts from the complex 
nickel arsenical deposits in Central Europe. In 
addition to its silver color, this alloy was easy 
to cast and fabricate, was resistant to tarnish- 
ing, and was economical to produce. 


Switzerland was the first country to adopt a 
nickel-silver alloy called Argentan for coin- 
age in 1850. The next significant development 
occurred in 1857 when the United States is- 
sued a cupro-nickel coin containing 12% Ni; 
other countries soon followed suit. The use of 
75-25 type cupro-nickel for coinage dates 
from 1860, when it was adopted by Belgium 
after an exhaustive enquiry. The alloy com- 
bined the merit of ease of melting (mp about 
1200 °C) and fabrication. The example of Bel- 


gium was followed five years later by the 
United States for a 3-cent coin. In the follow- 
ing year the 5-cent coin, the so-called 
“nickel”, was introduced, minted in the same 
alloy. The demand for the 5-cent piece in- 
creased rapidly due, to the introduction of slot 
machines and to the use of 5-cent coin in buses 
and subways, also for a drink of beer, a five- 
cent cigar and many other popular commodi- 
ties then available for a “nickel”. 

In 1863, Jules Garnier discovered the 
nickel oxide ores of New Caledonia, and from 
1875 this French island became the world’s 
main producer of nickel, which position it re- 
tained until displaced by Canada in 1905. 
Mining of the sulfide ores of Sudbury in On- 
tario started in 1886, and these ore bodies 
were to remain the most important source of 
the world’s nickel supply for most of the twen- 
tieth century. A monument stands in Sudbury, 
shows a 5-cent nickel coin to mark the impor- 
tance of the region for nickel production. 

Although the use of cobalt as a colorant in 
the manufacture of glass and ceramics dates 
from ancient times, virtually no metal was 
produced until about 1920. In 1875 Elwood 
Haynes in the United States began an investi- 
gation into corrosion-resistant alloys, and by 
1899 had developed an alloy containing 75% 
Co and 25% Cr usable as a metal-working tool 
material possessing unusual corrosion resis- 
tance, toughness and retaining its hardness at 
elevated temperatures. He called these alloys 
stellite from the Latin word stella, meaning 
star. Further patents were granted in 1913 to 
cobalt-chromium-tungsten alloys used for 
high-speed lathe cutting and these became im- 
portant in machining munitions produced in 
World War I. 

By 1880 there was considerable interest in 
alloys. The metallographic microscope and 
the phase rule permitted alloys to be studied 
from a less exclusively empirical point of 
view. In 1863 Henry Clifton Sorby of Shef- 
field developed techniques for polishing and 
etching metal surfaces so they could be exam- 
ined under a microscope. Crystalline structure 
began to be correlated with tensile strength, 
ductility, and other properties. The application 


of the phase rule to studies of alloys followed 
Roozeboom’s pioneering work which began 
in 1887, Utilizing the two techniques re- 
searchers learned a great deal about alloys and 
developed several practical alloys. X-ray tech- 
niques and the electron microscope also have 
been invaluable in work on alloys. 

One of the earliest improvements in steel 
was the introduction of manganese by Robert 
Hadfield in 1882. Hadfield found that 13% 
manganese added to steel confers resistance to 
shock and wear. Nickel steel armor-plate was 
first commercially produced in 1885 in 
France. Tests showed that a steel containing 
3% Ni developed remarkable projectile-break- 
ing qualities complete with tremendous tough- 
ness. 

In 1896 Charles Guillaume found that 
steels containing about 40% Ni have a very 
low coefficient of expansion and hence are 
useful for surveyors tapes, clock pendulums, 
and metal-in-glass seals. Such alloys known 
as Invar a shortened word for invariant. Guil- 
laume received the Nobel prize for his inven- 
tion. 


1.1.4 The Twentieth Century 


Aluminum began to achieve industrial im- 
portance in the period 1900-1914. Pure alumi- 
num has a low strength for engineering 
purpose; hence improvement of its properties 
by alloying so that wider use could be made of 
its lightness and durability was a first consid- 
eration. One of the most important develop- 
ment was the discovery of age-hardening by 
the German metallurgist A. Wilm in 1907. 
Wilm had been attempting to harden an alumi- 
num alloy containing copper and magnesium 
by heating it to 500 °C and then quenching in 
water (following steel-hardening procedure). 
The experiment was unsuccessful — the alloy 
still remaining soft. Some days later having 
occasion to re-test the alloy, Wilm found that it 
had become harder and on further investiga- 
tion he discovered that the strength had also 
increased. Wilm then carried out a series of 
tests on the effect of storing the alloy for dif- 
ferent periods (at room temperature), after 
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heating and quenching. He found that in fact 
the strength improved on storing and reached 
a maximum after four days the properties then 
becoming stable. 

Before 1910, ali magnetic materials were 
based on the ferromagnetic metals, iron, co- 
balt, and nickel. It was the metallurgist Heus- 
ler who discovered that magnetic alloys could 
be prepared from non-magnetic metals, e.g., 
Cu, MnAI hence came the Heusler alloys. 

In 1910 L. Aitchison showed that tungsten 
and molybdenum in steels cause the latter to 
hold their temper in high-speed cutting tools. 
Rust-resistant steels were introduced in 1912 
by H. Brearly who used nickel and chromium 
as alloying ingredients in concentrations up to 
8 and 18%, respectively. These steels are of 
great importance in the food, pharmaceutical, 
and chemical industries. Because of their 
hardness and toughness chromium steels are 
ideal for armor and in armor-piercing projec- 
tiles. 

The first cobalt steel for permanent mag- 
nets was developed in 1916 by Kotaro Honda 
in Japan. It containcd 5% W, 6% Cr, 35% Co, 
remainder iron, and was many times more ef- 
fective than the chromium or tungsten mag- 
netic material previously used. In 1930 an 
improved magnetic material was discovcred 
which contained 12% Al and 25% Ni, balance 
iron, but following this discovery it was found 
that cobalt additions improved considerably 
the magnetic properties of the alloy. This new 
series of permanent magnet materials became 
known as the Alnico. These alloys cannot be 
forged or machined and now usually worked 
by powder metallurgical techniques. They are 
mainly used in the manufacture of small mo- 
tors, generators, magnets, loud speakers, tele- 
vision tubes, radar equipment, etc. 

One of the largest uses of cobalt today is in 
alloys designed for high temperatures, their 
use having increased rapidly as a result of the 
development of the gas turbine and jet engine. 
The cobalt chromium base alloy known as Vi- 
tallium developed in 1936 for the precision 
casting of dentures was found to posses un- 
usually high temperature strength at tempera- 
tures of the order of 815 °C and was used 
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during World War II for the supercharges of 
aircraft engines. Extensive research into alloy 
steels has resulted in a large variety of special- 
ized products with unique uses. Frequently, 
combining several alloying ingredients en- 
hances the effect of each ingredient. Alloying 
elements such as vanadium, silicon, nitrogen, 
boron, and other elements are utilized. 


1.2 Preparation of Alloys 


Alloys are prepared in one of the following 
ways: 

ө Melting the ingredients and mixing them to- 
gether. This is the most common way. All 
metals are miscible in the molten state with 
few exceptions, e.g., iron and lead. 

e Mixing the ingredients in powder form and 
grinding them. 

e Electrolyzing a solution containing salts of 
the ingredients. 

e Simultaneous reduction of oxides of the 
component metals. 

When molten alloys solidify, they may re- 
main soluble in one another, or may separate 
into intimate mechanical mixtures of the pure 
constituent metals. More often, there is partial 
solubility in the solid state and the structure 
consists of a mixture of the saturated solid so- 
lutions. As a result, the behavior of metals in 
the alloying process falls in the following cat- 
egories: 

ө Completely soluble: This is the case when 
the components form a homogeneous mix- 
ture when melted and remain so when the 
alloy becomes solid. The two metals form 
what is called a “solid solution” or “mixed 
crystals”. The following types may be iden- 
tified: 

— Substitution solid-solution. This is, for 
example, the case of copper and nickel. 
The addition of nickel to copper creates 
new properties that neither copper nor 
nickel alone has. The nickel atoms enter 
the crystal structure of the copper. The 
grains of the alloy appear to have the same 
shape as the grains of copper. Other exam- 


ples are gold and silver, silver and plati- 
num, nickel and chromium, cobalt and 
chromium, and lead and antimony. 


— Addition solid-solution. This is for exam- 
ple the case of some alloys containing bo- 
ron or carbon. Because of their small 
atomic radius, boron and carbon can enter 
in interstitious positions in the crystal lat- 
tice of the metal. 


e Partially soluble: This is the case when the 
components form a homogeneous mixture 
when melted but form two or more different 
kinds of grains when the alloy solidifies. 
These are solid solutions containing differ- 
ent proportions of the two metals. For exam- 
ple lead and tin, and some kinds of brass, an 
alloy composed of copper and zinc, have 
this kind of structure. 


Insoluble: This is the case when the compo- 
nents form a homogeneous mixture when 
melted but separate on solidification be- 
cause they are insoluble; for example, cad- 
mium and bismuth, and gold and lead. 
Under certain composition, an eutectic mix- 
ture is obtained which has a melting point 
lower than both metals, and when solidified 
the eutectic alloy consists of an intimate 
mixture of fine crystals of nearly pure met- 
als. 


e Intermetallic compounds: In this case the 
metal combines to form a compound, which 
has a crystal and grain structure different 
from either of the pure metals. For example, 
when equal weights of calcium and magne- 
sium are melted together and allowed to 
cool slowly, the composition of the crystals 
that first precipitate from the liquid corre- 
sponds to the formula Ca,Mg,. Many such 
compounds are known, for example MgZn;, 
CuZn, CuBe, AgCd, AuZn, LiHg,, Cu,Sn, 
etc. Although intermetallic compounds are 
usually hard and brittle, their presence in an 
alloy in small amounts is valuable. Such al- 
loys combine the toughness of solid solu- 
tions with the hardness of intermetallic 
compounds. 

An alloy is not necessarily composed of 
one phase; in most cases it is more than one. 


For example, in an aluminum-copper alloy, a 
small amount of copper goes into solid solu- 
tion with the aluminum while the rest of the 
copper combines with aluminum to form an 
intermetallic compound composed of two at- 
oms of aluminum and one atom of copper. 
Thus, the aluminum-copper alloy is made up 
of three components: a large amount of alumi- 
num, a small quantity of copper in solid solu- 
tion, and tiny particles of the intermetallic 
compound. In addition, new processes are de- 
veloped to produce other types of alloys, e.g., 
electron-beam refining, solidification, single- 
crystal superalloys, and metallic glass. Com- 
posites of metals and ceramics, polymers, 
graphite, etc., are another area that is expand- 
ing rapidly. 


1.3 Predicting the 
Performance of Alloys 


Alloy combinations have properties that are 
not easy to predict on the basis of knowledge 
of the constituent metals. For example, copper 
and nickel, both have good electrical conduc- 
tivity, but they form alloys having very low 
conductivity, making them useful as electrical 
resistance wires. In some cases small amounts 
of an alloying element produce remarkable 
changes in properties, as in steel containing 
less than 1% carbon. Other properties which 
can be developed to a much higher degree in 
alloys than in pure metals include corrosion 
resistance, oxidation resistance at elevated 
temperature, abrasion or wear resistance, good 
bearing characteristics creep strength at ele- 
vated temperatures, and impact toughness. 
Solid-state physics has been successful in ex- 
plaining some of these properties. 


1.4 Phase Diagrams 


The interaction of two or more elements 
both in the liquid and solid state are character- 
ized by phase diagrams. Where two principal 
materials are involved, binary alloy is the term 
used. Three principal ingredients are referred 
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to as ternary alloy. Beyond three components, 
the material may be referred to as a multicom- 
position alloy. The phases present in alloy and 
their morphological distribution within the 
microstructure, define the mechanical, chemi- 
cal, electrical, and magnetic properties that 
may be achievable. This is the link between 
the engineering properties of an alloy and its 
phase diagram. Phase diagrams are key ele- 
ments to understand and thereby control the 
properties of alloys. 

The importance of phase diagrams awaited 
the development of the iron-carbon system, 
which became central to the metallurgy of 
steel, The start of an effective database was 
the publication of a compilation by Hansen in 
1936. This was followed by an alloy phase di- 
agram program at the National Bureau of 
Standards (USA) and the American Society 
for Metals. Cooperation has been given by the 
Institute of Metals (U.K.), the Max Planck In- 
stitut für Metallforschung (Stuttgart), among 
several other sources. 


1.5 Classification According 
to Use 


Table 1.1 gives a selected list of common 
nonferrous alloys. 


1.51 Bearing Alloys 


These alloys are used for metals that en- 
counter sliding contact under pressure with 
another surface. Most bearing alloys contain 
particles of a hard intermetallic compound that 
resist wear. These particles, are embedded in a 
matrix of softer material which adjusts to the 
hard particles so that the shaft is uniformly 
loaded over the total surface. The most famil- 
iar bearing alloy is babbitt metal, which con- 
tains 83-91% Sn, the remainder is made up of 
equal parts of antimony and copper which 
form hard particles of the compounds SbSn 
and CuSn in a soft tin matrix. Other bearing 
alloys are based on cadmium, copper, or sil- 
ver. For example, an alloy of 70% Cu and 
30% Pb is used for heavily loaded bearings. 
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Table 1.1: Selected common nonferrous alloys. 


Remarks 


mp 66 °C 
Electric heating 


Plumber's solder (mp 275 °C) 
General-purpose alloy for brazing 


Airplanes 


Pt-PURh couple 


Application Name Composition, % 
Bearings Babbit metal Sn 90, Sb 6, Cu3 
Corrosion resistance Stainless steel Fe 74-90, Cr 10-20, Ni 5-15 
Monel metal Ni 68, Cu 28, Fe4 
Inconel Ni 80, Cr 14, Fe6 
Dental Vitallium Co 65, Cr 5, Mo 3, Ni3 
Gold-based Au 80-90, Ag 3-12, Cu 2-4 
Silver-based Ag 33, Hg 52, Sn 12, Cu 2, Zn < 1 
Die casting Mg 90, А19, Zn 1 
Fusible Wood's metal Bi 50, Pb 25, 8n 12.5, Cd 12.5 
High temperature Nichrome Ni 54-80, Cr 10-22, Fe 5-27 
Joining of metals Solder Pb 67, 8n 33 
Brazing alloy Cu 57, Zn 42, Sn 1 
Light metal Duralumin Al 94.9, Cu 4.0, Mg 0.5, Мп 0.6 
Low-expansion Invar Fe 64, Ni 36 
Kovar Fe 54, Ni 39, Co 17 
Magnetic Permalloy Ni 78.5, Fe 21.5 
Alnico 4 Fe 55, Ni 28, Al 12, Co 5 
Thermocouples Chromel Ni 90, Cr 10 
Alumel Ni 94, Cr 3, Al 2, Si 1 
Constantan Ni 45, Cu 55 
Pt/Rh Pt 87, Rh 13 
Others: 
Bells Bronze Cu 75-80, Sn 25-20 
Multi-purpose Brass Cu 65-75, Zn 35-25 
Scientific instruments Magnalium Al 60-95, Mg 30-5 
Tableware Pewter Sn 75-95, Pb 25-5 


Bearings are usually made by powder met- 
allurgy techniques because they permit the 
combination of materials which are incompat- 
ible as liquids, or permit controlled porosity 
within the bearing so that they can be saturated 
with oil before being used, the so-called oiless 
bearings. 


1.5.2 Corrosion-Resisting Alloys 


Certain alloys resist corrosion because they 
are noble metals. Among these are the pre- 
cious-metal alloys. Other alloys resist corro- 
sion because a protective oxide film develops 
on the metal surface, e.g., stainless steels and 
aluminum alloys. Stainless steels are iron al- 
loys containing more than 12% Cr. Monel is a 
corrosion-resisting alloy which also has high 
strength; another is Inconel. The bronzes are 
alloys of copper and tin, also may be consid- 
ered to be corrosion-resisting. 


1.5.3 Dental Alloys 


Silver-based dental alloys are made of sil- 
ver amalgam and contain minor amounts of 
tin, copper, and zinc for hardening purposes. 
Gold-base dental alloys are preferred over 
pure gold because gold is relatively soft. For 
higher strength and hardness, palladium and 
platinum (up to 3%) are added, and the copper 
and silver are increased so that the gold con- 
tent drops to 60-70%. Vitallium and other 
corrosion-resistant alloys are used for bridge- 
work and special applications. 


1.5.4 Die-Casting Alloys 


These alloys have melting temperatures 
low enough so that in the liquid form they can 
be injected under pressure into steel dies. Such 
castings are used for automotive parts and for 
office and household appliances which have 
moderately complex shapes. This processing 
procedure eliminates the need for expensive 
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machining and forming operations. Most die 
castings are made from zinc-base, aluminum- 
base, and magnesium-base alloys. Low-melt- 
ing alloys of lead and tin are not common be- 
cause they lack in the necessary strength for 
the above applications. A common zinc-base 
alloy contains approximately 4% Al and up to 
1% Cu. These additions provide a second 
phase in the metal to give added strength. The 
alloy must be free of minor amounts of lead, 
cadmium, or tin because these increase the 
rate of corrosion. Common aluminum-base al- 
loys contain 5-12% Si, which introduces hard 
silicon particles into the tough aluminum ma- 
trix. 


1.5.5 Fusible Alloys 


These alloys generally have melting tem- 
peratures below that of tin (232 °C), and in 
some cases as low as 50 °C. Using eutectic 
compositions of metals such as lead, cad- 
mium, bismuth, tin, antimony, and indium 
achieves these low melting temperatures. 
These alloys are used for many purposes, for 
example, in fusible elements in automatic 
sprinklers. Alloys rich in bismuth were for- 
merly used in printing because bismuth under- 
goes a slight expansion on solidification, thus 
replicating the font perfectly for printing. 


1.5.6 High-Temperature or 
Refractory Alloys 


There is a need for alloys which have high 
strengths at high temperatures in power-gen- 
erating plants, jet engines, and gas turbines. In 
addition, these alloys must resist oxidation by 
fuel-air mixtures and by steam. At tempera- 
tures up to about 750 °C, the austenitic stain- 
less steel (18% Cr-8% Ni) serve well. An 
additional 100 °C may be realized if the steels 
also contain 3% Mo. Both nickel-base and co- 
balt-base alloys, commonly known as superal- 
loys may serve useful functions up to 1100 °C. 
A nickel-base alloy containing 12-15% Cr 
and 25% Fe is another high-temperature alloy. 
Cobalt-base superalloys may be even more 
complex and generally contain carbon which 
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combines with the tungsten and chromium to 
produce carbides that serve as the strengthen- 
ing agent. 


1.5.7 Joining Alloys 


Metals are bonded by welding, brazing, or 
soldenng. Welded joints melt the contact re- 
gion of the adjacent metal: thus the filler mate- 
rial is chosen to approximate the composition 
of the parts being joined. Brazing and solder- 
ing alloys are chosen to provide filler metal 
with an appreciably lower melting point than 
that of the joined parts. Typically, brazing al- 
loys melt above 400 °C, whereas solders melt 
at lower temperatures. A silicon-aluminum 
eutectic alloy is used for brazing aluminum, 
and an aluminum-containing magnesium eu- 
tectic alloy brazes magnesium parts. The most 
common solders are based on lead-tin alloys. 
The prevalent 60% Sn-40% Pb solder is eu- 
tectic in composition and is used for electrical 
circuit production, in which temperature limi- 
tations are critical. 


1.5.8 Light-Metal Alloys 


Aluminum, magnesium, and titanium, with 
densities of 2.7, 1.75, and 4.5 g/cm? respec- 
tively, are the bases for most of the light-metal 
alloys. Aluminum and magnesium must be 
hardened to receive extensive application. 
Age-hardening processes are used for this pur- 
pose. Typical alloys are 90% Al-10% Mg, 
95% Al-5% Cu, and 90% Mg-10% Al. Ter- 
nary and more complex alloys are important 
light-metal alloys because of their better prop- 
erties, e.g., the aluminum-zinc-magnesium 
system of alloys used extensively in aircraft 
applications. 


1.5.9 Low-Expansion Alloys 


Low-expansion alloys, e.g., Invar (6496 Fe 
and 36% Ni) do not change dimensions over 
the atmospheric temperature range. It has spe- 
cial applications in watches and other temper- 
ature-sensitive devices. Glass-to-metal seals 
for electronic and related devices require a 
matching of the thermal-expansion character- 
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istics of the two materials. Kovar (54% Fe, 
29% Ni, and 17% Co) is widely used because 
its expansion is low enough to match that of 
glass. 


1.5.10 Magnetic Alloys 


Magnetic materials are used for magnetic 
cores of transformers and motors, and must be 
magnetized and demagnetized easily. For al- 
temating current applications, silicon-ferrite 
is commonly used. This is an alloy of iron 
containing as much as 5% Si. The silicon has 
little influence on the magnetic properties of 
the iron, but it increases the electric resistance 
appreciably and thereby decreases the core 
loss by induced currents. Permalloy and some 
comparable cobalt-base alloys have very high 
permeabilities at low field strengths, and thus 
are used in the communications industry. Per- 
manent magnets may be made from steels 
which are mechanically hardened, either by 
deformation or by quenching. Some precipita- 
tion-hardening, iron-base alloys are widely 
used for magnets. Typical of these are the 
Alnicos, for example Alnico-4. These alloys 
cannot be forged and must be produced in the 
form of castings. Hard magnets are being pro- 
duced from alloys of cobalt and the rare-earth 
metals. The compound RCo,, where R is sa- 
marium, lanthanum cerium, has extremely 
high coercivity. 


1.5.11 Metallic Glasses 


Metallic glasses and metastable crystalline 
alloys are potentially the strongest, toughest, 
corrosion-resistant, and the most easily mag- 
netizable materials known. They are often su- 
perior to their crystalline counterparts. This is 
an important reason why rapid solidification 
technology has attracted attention. Factors af- 
fecting an alloy’s ability to form a metallic 
glass include atomic size ratio, alloy crystalli- 
zation temperature and melting point, and heat 
of formation of compounds. In addition to 
rapid supercooling of a metal alloy, metallic 
glasses have been made by electrodeposition 
or by vapor deposition. These noncrystalline 
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metal or alloy compounds are sometimes re- 
ferred to as amorphous alloys. 


1.5.12 Precious-Metal Alloys 


The precious metals have long been valued 
highly because of their scarcity and especially 
for their beauty. Gold has an outstanding color 
and does not oxidize and is very ductile. Re- 
cently gold is valued for its use in the electron- 
ics industry because it forms outstanding 
contacts that do not corrode. Gold fillings and 
crowns for teeth are important applications. 
The brilliance of silver and its ductility and 
hardenability when alloyed with copper have 
added to its usefulness. Other precious metals 
include platinum (also used for jewelry), rhod- 
ium, ruthenium, osmium, and iridium. Each of 
these metals has a few specialized applica- 
tions, e.g., in catalytic applications, and in 
temperature-measuring devices such as resis- 
tance thermometers and thermocouples. The 
unit of alloy impurity is commonly expressed 
in karats, where each karat is '/,, part. The 
most common precious metal alloy is sterling 
silver (92.5% Ag), with the remainder copper. 
The copper makes the alloy harder and stron- 
ger than pure silver. Yellow gold is a Au-Ag- 
Cu alloy with approximately a 2:1:1 ratio. 
White gold is an alloy which ranges from 10 to 
18 karats, the remainder being nickel, silver, 
or zinc, which changes color from yellow to 
white. 


1.5.13 Prosthetic Alloys 


These alloys are used in internal prostheses, 
ie., surgical implants such as artificial hips 
and knees. External prostheses are devices 
that are worn by patients outside the body. Al- 
loy-selection criteria for surgical implants can 
be stringent primarily because of biomechani- 
cal and chemical aspects of the service envi- 
ronment. Corrosion properties, are therefore 
an important consideration. Corrosion must be 
avoided not only because of alloy deteriora- 
tion but also because of the possible physio- 
logical effects of harmful or even cytotoxic 
corrosion products that may be released into 
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the body. The corrosion resistance of all mod- 
ern alloys stems primarily from strongly ad- 
herent and passivating surface oxides, such as 
titanium oxide on titanium based alloys and 
chromium oxide on cobalt based alloys. The 
most widely used prosthetic alloys include 
high-strength corrosion resistant ferrous, co- 
balt-based, or titanium-based alloys. 


1.5.14 Shape-Memory Alloys 


These alloys do not change shape when 
heated or cooled. This thermoelastic property 
is associated with the fact that they undergo a 
reversible change in crystal structure that does 
not involve diffusion when they are cooled or 
heated. Among the first alloys shown to pos- 
sess these properties was one of gold alloyed 
with 47.5% cadmium and an alloy of nickel 
and titanium known as nitinal. They can be 
employed in thermostats and for couplings on 
hydraulic lines or electrical circuits. 


1.5.15 Superconducting Alloys 


Superconductors are materials that have 
zero resistance to the flow of electric current at 
low temperature. This property offers techno- 
logical advances such as the generation of in- 
tense magnetic fields. An alloy of niobium and 
titanium (NbTi) becomes superconducting at 
9.5 K. This alloy is preferred because of its 
ductility and its ability to carry large amounts 
of current at high magnetic fields and still re- 
tain its superconducting properties. Brittle 
compounds with superior superconducting 
properties are also being developed for mag- 
net applications. The most promising of these 
are Nb,Sn, V4Ga, Nb,Ge, and Nb,Al which 
have higher 7, (15 to 23 K). Superconducting 
materials possess other unique properties that 
form the basis for applications in high-speed 
computers or ultrasensitive magnetometers. 
Development of these applications began us- 
ing lead or niobium in bulk form, but the em- 
phasis then was transferred to materials 
deposited as thin films. Lead-indium and 
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lead-gold alloys are more desirabie than pure 
lead films, as they are more stable. Improved 
vacuum deposition systems eventually led to 
the use of pure niobium films as they were 
more stable than lead-alloy films. Advances in 
thin film synthesis techniques led to the use of 
the refractory compound niobium nitride 
(NbN) in electronic applications. This com- 
pound is very stable and possesses a higher Т, 
(15 K) than either lead or niobium. 


1.5.16 Thermocouple Alloys 


These include Chromel-Alumel which can 
measure temperatures up to 20 °C. Another 
thermocouple alloy is constantan used to form 
iron-constantan and copper-constantan cou- 
ples, used at lower temperatures. For precise 
temperature measurements and for measuring 
temperatures up to 650 °C, thermocouples are 
used in which one metal is platinum and the 
other is platinum plus either 10 or 13% Rh. 


1.6 Classification According 
to Metal Components 


Alloys can be broadly classified as ferrous 
and nonferrous. Although iron-base alloys are 
extremely versatile and relatively inexpensive 
compared with other metals, they are deficient 
in several properties: corrosion resistance, 
electrical and heat conductivity, density (too 
high for some application), formability, and 
melting point. Alloys of aluminum, copper, 
zinc, tin, nickel, magnesium, titanium, chro- 
mium, silver, gold, and many elements used in 
relatively small quantities find many impor- 
tant applications. This is the classification fol- 
lowed in this book. Alloy steels are discussed 
in one large chapter. Alloys of nonferrous met- 
als are not arranged by alphabetical order but 
grouped into three large parts: primary metal 
alloys, light metal alloys, and other alloy sys- 
tems. 
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2.1 Introduction 


The existence of so many grades of steel 
and steel products makes it essential to have 
an agreed terminology to facilitate communi- 
cation between producers, users, and traders in 
these materials. This is necessary not only 
within the European Common Market, but 
also for world trade. In recent years, ca. 30% 
of steel products were exported from the coun- 
tries producing them (Table 2.1): 

The International Standards Organization 
(ISO) and the European Committee for Iron 
and Steel Standards (ECISS) have issued stan- 
dards over many years, including definitions 
of steel products (EN 10079) and a system for 
classifying grades of steel (EN 10020). 

Designation systems for steels have been 
agreed in Europe (EN 10027-1, -2), but are not 
yet thoroughly established. 


Table 2.1: World steel exports by product 1992 (Interna- 
tional Iron and Steel Institute: World Steel in Figures, 
1994). 


Product Exports, x 10°t 
Ingots and semifinished material 12.9 
Railway track material 0.9 
Concrete reinforcing bars 5.5 
Hot-rolled bars and rods 4.3 
Angles, shapes, and sections 10.2 
Wire rod 8.0 
Hot-rolled strip 1.9 
Plates 9.4 
Hot-rolled sheets and coils 22.4 
Cold-rolled sheets and coils 17.1 
Galvanized sheet 9.6 
Tinplate and blackplate 4.6 
Other coated sheet 3.9 
Wheels (forged and rolled) and axles 0.1 
Steel tubes and fittings 14.0 
‘Drawn wire 2.1 
Cold-rolled strip 1.4 
Cold-finished bars and rods 1.3 
Castings 0.1 
Forgings 0.6 


Total 130.4 
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Table 2.2: Concentration limits of elements for classifica- 
tion as base or alloy steel. 


Limiting con- 


Element centration, % 
Al Aluminum 0.10 
B Boron 0.0008 
Bi  Bismuth 0.10 
Co Cobalt 0.10 
Cr Chromium" 0.30 
Cu Copper 0.40 
La Lanthanides (assessed separately) 0.05 
Mn Manganese 1.65° 
Mo MMolybdenum* 0.08 
Nb Niobium" 0.06 
Ni Nickel" 0.30 
Pb Lead 0.40 
Se Selenium 0.10 
Si Silicon 0.50 
Te Tellurium 0.10 
Ti Titanium 0.05 
V — Vanadium‘ 0.10 
W Tungsten 0.10 
Zr —ZirconiunY 0.05 
Others (except C, N, O, S), each 0.05 


a If two, three, or four of these elements are present in concentra- 
tions less than the maxima permitted, their total concentration 
must not exceed 70% of the sum of the maxima. 

b Ifthe manganese content is quoted as a minimum, this value 
applies. 

с The same rule applies to these elements. 


2.2 Definitions 


2.2.1 Introduction 


Steel is a general term for materials in 
which the iron content is higher than that of 
any other element, and in which the carbon 
content is normally < 2%. 


According to EN 10020, steel is divided 
into unalloyed and alloyed grades, according 
to its chemical composition, and these grades 
are further subdivided into principal quality 
groups, based on their most important proper- 
ties and uses. The starting point is the mini- 
mum level of each element in the melt 
specified in the standard or in the terms of de- 
livery. The harmonized system for customs 
nomenclature is based on other physical quan- 
tities. 

Unalloyed steels are those in which the 
level of an individual element in no case 
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reaches or exceeds the limiting concentration 
given in Table 2.2. 

In an alloy steel, the content of an individ- 
ual element reaches or exceeds the limiting 
values quoted in Table 2.2 in at least one case. 

From general economic considerations, 
special regulations have been set for some 
product groups, e.g., weldable fine-grained 
structural steels, free-cutting steels, electric 
sheets, and rails. Only the fundamental princi- 
ples of this system are described here. 

Other terms are often used, e.g., microal- 
loyed steels, which contain small additions of, 
e.g., Nb, V, or Ti, usually in association with a 
thermomechanical treatment of the steel prod- 
uct. Other common expressions are low-alloy 
steel, which contains < 5% alloying elements, 
and HSLA (high-strength, low-alloy) steel. 

EN 10020 further divides steels into the fol- 
lowing main quality groups: 

Base steels are those whose quality specifi- 
cations do not require special processing dur- 
ing manufacture. They аге generally 
unsuitable for heat treatment. 

High-grade unalloyed steels are those for 
which no consistent response to heat treatment 
and no purity requirements with respect to 
nonmetallic inclusions are specified. How- 
ever, because of the stresses that arise in use, 
there are stricter or more numerous require- 
ments compared with base steels, e.g., with re- 
spect to their fracture toughness, their grain 
size control, or their formability, so the manu- 
facture of these steels requires special care. 

High-grade alloy steels are for similar ap- 
plications to those of high-grade unalloyed 
steels, but contain levels of alloying elements 
(to give special properties) that place them 
among the alloy steels (Table 2.2). They are in 
general unsuitable for quenching and temper- 
ing or surface hardening. 

‚Special carbon steels are of higher purity 
than high-grade steels, and contain fewer non- 
metallic inclusions. They are mostly intended 
for quenching and tempering or surface hard- 
ening, and show a consistent response to these 
treatments. A very wide range of working and 
application properties, e.g., high-strength or 
hardening properties within closely con- 
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trolled limits, together with high specifica- 
tions for toughness, forming and welding 
properties, are achieved by precise control of 
chemical composition, and by special care in 
manufacture and process control procedures. 


Alloy special steels have an extremely wide 
range of working and application properties, 
achieved by precise control of chemical com- 
position, and by special methods of manufac- 
ture and process control. This group includes 
steels for structural engineering, pressure ves- 
sels, as well as mechanical engineering steels, 
stainless and heat-resistant steels, creep-resis- 
tant steels, steels for bearings and machine 
tools, steels with special physical properties, 
etc. 


Table 2.3: Classification of steel products. 


Steels can be classified according to their 
main characteristics and applications: 
Flat products for cold forming 
Structural steels 
Steels for pressure vessels 
Concrete reinforcing and prestressed concrete steels 
Steels for rails 
Free-cutting steels 
Steels for wire drawing 
Cold-heading steels 
Engineering steels 
Spring steels 
Tool steels 
Steels for packaging (tinplate, blackplate) 
Welding filler materials 
Stainless steels 
Bearing steels 
Steels with special physical properties 


Liquid crude steel 


Solid crude steel and semifinished products 


Surface-coated flat 
products 


Profiled sheets 


Composite products 


Long products 


Deformed products for 
reinforced and 
prestressed concrete 


Hot-rolled sections 
Welded sections 


Cold-rolled sections 


Tubes and hollow sections 
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Table 2.4: Principal symbols used in naming steels (DIN EN 10027-1). 
Symbol Steel group Characteristics 
S General structural steels (GS indicates cast steel) Minimum yield strength, N/mm? for the smallest 
tickness range 
P Steels for pressure vessels (GP indicates cast steel) Minimum yield strength, N/mm? for the smallest 
tickness range 
L Steels for pipelines Minimum yield strength, N/mm? for the smallest 
tickness range 
E Engineering steels Minimum yield strength, N/mm? for the smallest 
tickness range 
B Steels for reinforcing concrete Minimum yield strength, N/mm? for the smallest 
tickness range 
Y Steels for prestressing concrete Nominal tensile strength in N/mm? 
R Rail steels Minimum tensile strength, N/mm? 
H Cold-rolled flat products of high-strength steels for Minimum yield strength, N/mm? 
cold forming 
D Flat products for cold forming C = cold-rolled 
D = hot-rolled for immediate cold forming 
X = rolled condition (hot- or cold-rolled) not stated 
T Packaging sheets and strip H 7 specified average Rockwell hardness for single 
reduced product; minimum yield strength, N/mm 
for double-reduced product 
M Electric sheets and strip Maximum hysteresis loss, W/kg 
с Unalloyed steels with average Mn content < 1%, Average C content x 100 
precluding machining steels (GC indicates cast steel) 
Unalloyed steels with average Mn content > 1%, un- Specified average C content x 100, followed by char- 
alloyed free-cutting steels, where the average content acteristic alloying elements with average content 
of each alloying element < 5% (G indicates cast multiplied by the factor F: 
steel) Cr, Со, Mn, Ni, Si, WF= 4 
Al, Be, Cu, No, Nb, Pb, Та, Ti, VZrF = 10 
Ce,N,P,SF= 100 
BF = 1000 
x Alloy steels, where average content of at least one al- Specified average C content, followed by character- 
loying element 2 5% (GX indicates cast steel) istic alloying elements and their average content 
HS High-speed steels Average content of alloying elements in the order: W, 


2.2.2 Steel Products 


According to DIN EN 10079, steel prod- 
ucts are defined according to their shape and 
dimensions, and/or their appearance and sur- 
face condition. There is no overall system; 
several classification systems exist in Europe. 
Definitions of the most important pro ducts 
are given below, and a more detailed subdivi- 
sion is given in Table 2.3. 

Liquid crude steel is steel as produced from 
its raw materials and ready for pouring. A dis- 
tinction is made between liquid crude steel for 
ingot casting or continuous casting and for 
steel casting. 

Solid crude steel is the product obtained by 
the solidification of liquid steel in a mold such 


Mo, V, Co 


that the product is suitable for subsequent 
forming. 

Semifinished products are produced by 
strand casting (sometimes followed by rolling, 
forging, or cutting), by pressure casting, or by 
the rolling, forging, or cutting of blooms or 
slabs, and are generally suitable for further 
forming into flat or long products. 


Flat products have an approximately rect- 
angular cross section with width much greater 
than thickness. The surface is usually techni- 
cally smooth, but can have regularly spaced 
indented or raised surface patterns, e.g., floor 
plates. 


Long products have a constant cross sec- 
tion along their length, which is much greater 
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than the width and height. The cross section 
usually complies with a standard specificaton. 
The surfaces of long products are technically 
smooth, but these too can have regularly 
spaced indented or raised surface patterns, 
e.g., for concrete reinforcing bars. 


2.2.3 Designation Systems for 
Steel 


Clear designation systems for steel grades 
are provided by the European Standards EN 
10027 (systems for naming steels) Part 1: 
codes (principal symbol) and ECISS Informa- 
tion Circular IC 10 (additional symbols for 
steel); and Part 2: numbering system. 


The codes are formed from a principal sym- 
bol (Table 2.4) and an additional symbol, sup- 
plemented by numbers. 

The steel numbers are formed according to 
the system given in Table 2.5. These corre- 
spond to the numerical classification used in 
Germany. 


2.3 Types of Steel 


2.3.1 Steels where the Mechanical 
Properties are Essential 


Of the many properties of steel, its mechan- 
ical properties are the most relevant to its use 
as a material for the manufacture of commer- 
cial goods [1]. In many applications, other 
properties are also important, e.g., cold work- 
ability, suitability for heat treatment, resis- 
tance to corrosion and high temperatures, and 
machining properties. The mechanical proper- 
ties are mostly asked for in the condition of 
delivery, but in many cases, they are obtained 
after further heat treatment or cold working by 
the customer. 
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2.3.1.1 Normal- and High- 
Strength Structural and 
Reinforcing Steels 


General. Steel grades used in structural steel- 
work, civil engineering, hydraulic engineer- 
ing, bridge building, shipbuilding, offshore 
technology, pressure vessels, and many other 
applications in which climatic temperatures 
are important, are assessed by their strength 
and toughness at room temperature, and by 
their welding properties [2]. Normal-strength 
structural steels have minimum yield strength 
< 355 N/mm’ in the as-rolled condition. Steels 
in this strength range are also supplied in the 
normalized condition. The usual normalizing 
process can be replaced by a temperature-con- 
trolled final roll pass, just above the normaliz- 
ing temperature (thermomechanical 
treatment) which gives equivalent properties 
(delivery condition N). High-strength struc- 
tural steels have minimum yield strength > 
355 N/mm”. They are usually supplied in the 
normalized or thermomechanically rolled 
(TM) condition. Steels with minimum yield 
strength 500-880 N/mm? are usually supplied 
in the quenched and tempered condition, as 
the carbon content and alloying element con- 
tent must be limited for weldability. 


These steel grades are supplied in sheet, 
plates, beams, and merchant-bar stock. Steel 
grades in the quenched and tempered condi- 
tion are supplied only as plates. 


Steel products for incorporation in concrete 
are known as reinforcing steels [3]. These are 
of two types: those used in stress-free ferro- 
concrete, and prestressing steels, which are 
subjected to controlled prestressing, causing 
them to exert a compressive stress on the con- 
crete [4]. The deadweight of the building itself 
and the load that it carries give rise to addi- 
tional high tensile stresses in the steel rod or 
wire. The yield strength (and the 0.01% offset 
yield strength for prestressing steels) is there- 
fore the most important property of reinforc- 
ing steels, 
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Table 2.5: Steel groups. The classification of steel groups is in accordance with the classification of steels in EN 10020. 
The following information is provided: (a) steel group number, in upper left hand side; (b) principal characteristic of the 
steel group; (с) Ra = tensile strength for high-grade steels. The limiting values for the chemical composition and tensile 
strength (R,,) are for guidance only. 


Base steels 


Unalioyed steels 


High-grade steels 


No. 


0 00 90 
base steels 


01 91 
general structural 
steels with А, < 500 
N/mm? 


02 92 

other structural steels 
not intended for heat 
treatment with 

Rm < 500 N/mm? 


03 93 
steels with average 
%С<0.12 ог 

Ry < 400 N/mm? 


04 94 

steels with average 
0.12 $%C < 0.25 or 
400 < R» < 500 N/mm? 


05 95 


steels with average 
0.25 S %С < 0.55 or 
500 5 Ra < 700 N/mm? 
06 96 

steels with average 


%C 20.55 or 
Ra 2 700 N/mm? 


07 97 
steels with higher P or 
S content 


Special steels 


10 
steels with special 
physical properties 


11 

structural, pressure 
vessel and engineering 
steels with %C < 0.50 


12 

structural, pressure 
vessel and engineering 
steels with %C 2 0.50 


13 

structural pressure ves- 
sel and engineering 
steels with special re- 
quirements 


14 


15 
tool steel 


16 
101 steel 


17 
tool steel 


18 
tool steel 
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High-grade steels 


08 98 
steels with special 
physical properties 


09 99 


steels for other applica- 
tions 


Special steels 


20 
Cr 


21 

Cr-Si 
Cr-Mn 
Cr-Mn-Si 


22 

Cr-V 
Cr-V-Si 
Cr-V-Mn 
Cr-V-Mn-Si 
23 

Cr-Mo 
Cr-Mo-V 
Cr-V 


24 
w 
Cr-W 


25 
W-V 
Cr-W-V 


26 


W excluding groups 
24, 25, and 27 


27 
with Ni 


28 
other 


29 
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Alloy steels 
Miscellaneous Stainless and heat ; : 
steels resisting steels Structural, pressure vessel and engineering steels 
30 40 50 60 70 80 
stainless steel with Mn-Si-Cu Cr-Ni with Cr Cr-Si-Mo 
<2.5% Ni with- 205%Сг<30 Cr-B Cr-Si-Mn-Mo 
out Mo, Nb, and Ti Cr-Si-Mo-V 
Cr-Si-Mn-Mo-V 
31 41 51 61 71 81 
stainless steel with Mn-Si Cr-Si Cr-Si-V 
«2.596 Ni and Мо Mn-Cr Cr-Mn Cr-Mn-V 
but without Nb Cr-Mn-B Cr-Si-Mn-V 
and TI Cr-Si-Mn 
32 42 52 62 72 82 
high speed steel Mn-Cu Ni-Si Cr-Mo with < Cr-Mo-W 
with Co Mn-V Ni-Mn 0.3596 Mo Cr-Mo-W-V 
Si-V Ni-Cu Cr-Mo-B 
Mn-Si-V 
33 43 53 63 73 83 
high speed steel stainless steel with Mn-Ti Ni-Mo Cr-Mo with 2 
without Co 22.5% Ni with- — Si-Ti Ni-Mo-Mn 0.35% Mo 
out Mo, Nb, and Ti Ni-Mo-Cu 
Ni-Mo-V 
Ni-Mn-V 
34 44 54 64 74 84 
stainless steel with Mo Cr-Si-Ti 
22.596 Ni with- — Nb, Ti, V W Cr-Mn-Ti 
out Mo, Nb, and Ti Cr-Si-Mn-Ti 
35 45 55 65 75 85 
bearing steels stainless steels B Cr-Ni-Mo with < Cr-V with < 2.0% nitriding steels 
with special addi- Mn-B 0.496 Mo * Cr 
tions « 1.6596 Mn « 0.296 Ni 
36 46 56 66 76 86 
materials with spe- chemical resistant Ni Cr-Ni-Mo with — Cr-V with 2 2.096 
cial magnetic and high temp. Ni < 0.496 Mo + Cr 
properties without alloys [2.0 S “Ni « 3.5] 
Co 
37 47 57 67 77 87 
materials with spe- heat-resistant Cr-Ni with Cr-Ni-Mo with Сг-Мо-У steels not for heat 
cial magnetic steels with 10S%Cr<15 «0.496 Mo + treatment by user 
properties and «2.596 Ni [3.5 S %Ni < 5.0), 
with Co or 2 0.4% Mo 
38 48 58 68 78 88 
materials with spe- heat-resistant Cr-Ni with Cr-Ni-V high-strength 
cial physical prop- steels with LOSACr<15  Cr-Ni-W weildable steels not 
erties without Мі 22.5% Ni Cr-Ni-V-W intended for heat 
treatment by user 
39 49 59 69 79 89 
materials with spe- materials with ele- Cr-Ni with Cr-Ni except Cr-Mn-Mo high-strength 
cial physical prop- vated temperature 1.5 $96Cr «2.0 — groups 571068 Cr-Mn-Mo-V weldablesteelsnot 


erties and with Ni properties 


intended for heat 
treatment by user 
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These steels are supplied in the as-rolled 
condition, though special temperature-con- 
trolled rolling and cooling is sometimes used. 
Quenched and tempered or cold-drawn wires 
are also very important prestressing steel 
products. 

Reinforcing steels are used for buildings 
which are subject to the building regulations 
of individual countries. They require certifica- 
tion of public building authorities and are sub- 
jected to official continuous quality control. 


Properties and Testing Methods. As a basis 
for the calculation of steel structures, values of 
yield strength and tensile strength are deter- 
mined by tensile tests. If alternating mechani- 
cal stresses are expected to be applied to a 
component, e.g., in bridges or ships, the fa- 
tigue strength is important. Under some cir- 
cumstances, fatigue strength is proportional to 
tensile strength. Deformability of structural 
steels under axial and multiaxial stress is as- 
sessed by tensile tests which give the percent- 
age elongation after fracture, and sometimes 
the reduction in area at fracture. 

Toughness and resistance to brittle fracture 
are determined by notched-bar impact energy 
tests at various temperatures, usually down to 
ca. -60 °C. The values decrease more ог less 
with temperature, sometimes irregularly. The 
important parameter, by intemational agree- 
ment, is the so-called transition temperature 
Т, at which the Charpy V-notch impact en- 
ergy falls to 27 J. 

Many other test methods for toughness and 
crack arrest properties of steel have been de- 
veloped, and form the basis of fracture me- 
chanics. Examples include V-notched tensile 
or bending test pieces taken from the full 
thickness of the plate, the Robertson test, 
which gives the crack arrest temperature 
(CAT) [5], or the drop weight Pellini test, 
which gives the nil ductility transition (NDT) 
(6, 7}. 

Tensile tests, and the value derived from 
them, are also used to characterize reinforcing 
steels. For prestressing steels, the long-term 
behavior under static stress is important. This 
is determined either by a creep test (elongation 
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under constant stress) or by a relaxation test 
(stress reduction at constant gauge length, 
with starting stress ca. 60-80% of the mea- 
sured tensile strength). 

The metal-working properties are also very 
important. They influence the methods and 
costs of manufacture of components, e.g., cold 
or hot forming, welding, and flame cutting. 
Machinability is not so important for struc- 
tural steels. Suitability for zinc coating may 
also be important. Flat products can be cold 
worked without difficulty by bending, bevel- 
ling, dishing, and other processes, the force re- 
quired being determined by the yield strength. 
Changes to mechanical properties caused by 
work hardening must be borne in mind, as 
well as toughness reduction or yield strength 
reduction on cold forming under certain con- 
ditions (Bauschinger effect). After extensive 
cold forming, the mechanical properties can, if 
necessary, be restored to the starting condition 
by appropriate heat treatment, e.g., stress-free 
annealing. In hot forming, it is important to 
control the temperature before, during, and af- 
ter the forming process if subsequent heat 
treatment is to be avoided. Thermomechani- 
cally rolled products cannot be heat treated, 
except by stress-free annealing, but this 
should only be carried out up to the tempera- 
ture limit specified by the manufacturer. 

Good welding properties are very impor- 
tant for structural steels. It must be possible to 
prepare defect-free welded joints at low cost, 
and these must have comparable load-carrying 
capacity to that of base material. The cost is 
influenced by the welding method, welding 
conditions, the choice of welding electrode, 
whether preheating is necessary and to what 
temperature. The latter depends on the cross- 
sectional thickness of the weld, the grade of 
steel, and its chemical composition (8). 

The chemical composition, especially the 
carbon content, the amount, shape, and distri- 
bution of sulfide inclusions, and the fineness 
of grain determine the resistance to crack for- 
mation and propagation due to stresses arising 
during and after the welding process. These 
stresses, and the form and structure of the 
heat-affected zone in the base material near 
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the weld seam, depend on welding data, e.g., 
heat input, working temperature, and cooling 
time from 800 to 500 °C (tys) [9]. 

The overall aim is to limit the hardening in 
the region of the weld seam as much as possi- 
ble, and to prevent grain growth in the heat-af- 
fected zone. Component design and the 
sequence of the various welds must ensure 
that the resulting stresses are as small as possi- 
ble, and that there is no stress concentration 
(notch effect). 


Qu ge : M алты 
Figure 2.1: Lamellar tearing [10]. 
The test methods used to assess the suitabil- 
ity of a steel for welding are carried out on 
welded test pieces under standard conditions, 
and are the same as those described above for 
testing the base material for toughness and re- 
sistance to brittle fracture. To test the sensitiv- 
ity of a steel to so-called lamellar tearing 
(Figure 2.1) [10], when thick-walled items are 
to be welded, the mechanical properties are as- 
sessed by tensile tests in the thickness direc- 
tion, and the reduction in area at fracture is 
determined (Z grades). 


Grades of Steel. The most important steels in 
this group are the general-purpose structural 
steels. The starting point from which they 
were developed was rimming steel produced 
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by the standard manufacturing processes of 
the early 1900s. In mainland Europe, basic 
converters were mainly used (basic Bessemer 
or Thomas steel), and in Britain and the 
United States the open hearth process (Sie- 
mens-Martin steel) was used almost exclu- 
sively. The differences in carbon content due 
to differences in steelmaking processes led to 
the production of two grades of steel with sim- 
ilar structures, both with a ferrite matrix, but 
differing in pearlite content and in the levels of 
other elements (P and N). The Thomas process 
produced a steel containing ca, 0.10% C, the 
tensile strength of the rolled product being 365 
N/mm? (St 37, now referred to as Fe 360 in EN 
10025); and the Siemens—Martin process pro- 
duced a steel containing ca. 0.16% C, with 
tensile strength 400 N/mm? like ASTM-A36 
or grade A shipbuilding steel. 


Rimming steels are hardly used today as 
structural steels, as the unavoidable segrega- 
tion greatly interferes with the weldability, 
and they cannot be strand cast. The basic oxy- 
gen steelmaking process which predominates 
today results in a chemical composition which 
gives tensile strength > 360 N/mm, and good 
weldability, no special metallurgical tech- 
niques being necessary. 


In all grades of structural steel, yield 
strength depends on thickness. Fe 360 steel, 
which has minimum yield strength 235 
N/mm? up to 16 mm thick, is still very impor- 
tant. 

The effort to improve the efficiency of steel 
structures, i.e., to increase the useful load for a 
given mass of the load-carrying component, 
led in the early 1930s to the development of a 
weldable structural steel with yield strength > 
355 N/mm’, and tensile strength > 510 
N/mm?. This product, Fe 510 (EN 10025), 
contains < 0.2% C, < 1.6% Mn, and < 0.55% 
Si, is a low-alloy steel, and is mostly produced 
with a fine grain, i.e., with Al added for fixa- 
tion of nitrogen. 

A steel intermediate between Fe 360 and Fe 
510, with tensile strength > 400 N/mm? and 
yield strength 2 235 N/mm? for all thick- 
nesses, is still of great importance in ship- 


24 


building. However, Fe 430 is little used as a 
general-purpose structural steel. 


Steels with improved toughness and weld- 
ing properties are available in several quality 
groups (e.g., groups B to DD in EN 10025), 
and are supplied in the as-rolled or normalized 
condition. These quality groups differ in the 
temperature used for measuring the notched- 
bar impact energy, a higher minimum value 
for this quantity being specified for quality 
group DD. 


In the 1960s, structural steels were further 
developed for use in very highly stressed com- 
ponents, e.g., bridges, lock gates, storage 
tanks, leading to the weldable fine-grained 
structural steels (EN10113), which are sup- 
plied in the normalized or thermomechani- 
cally rolled condition. These have minimum 
yield strength 275-460 N/mm?. With reduced 
carbon content these steel grades can be low- 
alloyed, and contain Al, with small additions 
of carbonitride-forming elements, e.g., nio- 
bium. This leads to improved strength proper- 
ties via a very fine-grained structure and 
precipitation hardening. 


Offshore technology, especially in the 
North Sea, requires steels with yield strength 2 
355 N/mm? with further improvements in 
toughness and weldability, e.g., a sharp limita- 
tion on the hardness values in the heat-affected 
zone of a weld seam. Further reductions in 
carbon and sulfur content led to the costly off- 
shore steels (11], which may be alloyed with 
Nb or other microalloying elements (e.g., Ti or 
V), sometimes with small additions of Cu and 
Ni. More stringent standards are specified in 
EN 10225 for these steels. 


The development of quenched and tem- 
pered steels with good toughness and welding 
properties for use in structural work has re- 
sulted in steels with minimum yield strength 
up to 900 N/mm? (Figure 2.2) [12]. These can 
be used very economically for applications 
where weight saving is very important, e.g., in 
mobile cranes, heavy commercial vehicles, 
and in supports for mine workings [13]. Car- 
bon content has been reduced, and the steels 
are alloyed, so that, on quenching, the austen- 
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ite is transformed into martensite or bainite 
over the whole cross section. 

Within this group of water-quenched and 
tempered structural steels, a steel grade with 
yield strength 2 690 N/mm? is most important, 
as good toughness and welding properties 
have been achieved with only small additions 
of alloying elements. For mobile cranes with 
high carrying capacity, a steel with minimum 
yield strength 890 N/mm? is widely used. In 
offshore technology and shipbuilding, water- 
quenched structural steels with minimum 
yield strength 420 and 460 N/mm? are pre- 
ferred; for general-purpose structural steel- 
work, the cheaper normalized or 
thermomechanically treated grades of steel are 
used. 
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Figure 2.2: Development of the minimum yield strength 
of structural steels. 

The development of low-pearlite, thermo- 
mechanically treated high-strength structural 
steels, produced in the form of wide strip, up 
to 18 mm thick, is discussed later, as these are 
important for their cold forming properties as 
well as their mechanical properties. 

Finally the weatherproof steels must be 
mentioned. The presence of chromium and 
copper in these steels gives them improved re- 
sistance to atmospheric corrosion; they have 
similar structures and mechanical properties 
to those of Fe 360 and Fe 510 steels. On un- 
protected weathering, these steels form sur- 
face layers, whose structure, formation time, 
and protective action vary with different kinds 
of atmospheric action. For their successful and 
economic use, the design must be appropriate 
to the material, as specified in EN 10155 [14]. 
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Table 2.6: Important normal- and high-strength structural steels. 


; Yield 
Standard Delivery 
Grade specification condition strengi; 
82351263 EN 10025 N 2235 
82351204 EN 10025 N 2355 
S355NL prEN 10113 N 2355 
S460NL prEN 10113 N 2 460 
S690QL ргЕМ 10137 у > 690 
$ 890 QL SEW 090° у 2 890 
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Tensile ; Е 
strength, Elongation, . Notched-bar Testing tem- 

N/mm? % impact energy, J perature, °С 
340-470 24 27 -20 
490-639 20 27 -20 
470-630 22 27 -50 
550-720 17 27 -50 
770-940 14 40 -40 
940-1100 п 40 -40 


а Longitudinal test piece. 
b Stahl-Eisen-Werkstoffblatt. 


Table 2.6 lists the most important structural 
steels, with their essential characteristics. 
Only a general overview of these can be given 
here. 

The specifications for concrete-reinforcing 
steels have been greatly uprated compared 
with those for the earlier product, Monier iron. 
Continuing efforts to save weight have led to 
smaller sections, with considerably increased 
yield strengths. EN 10080 specifies two prod- 
ucts BSt 420 and BSt 500, with minimum 
yield strength 420 and 500 N/mm’, respec- 
tively. These values can be achieved for differ- 
ent rod diameters with steels of approximately 
the same chemical composition by microal- 
loying, cold working, or controlled cooling af- 
ter hot rolling [15]. The stability of the 
structure depends on the total effect of the rods 
embedded in the concrete, not on the tensile 
properties of the individual rods. Tensile test- 
ing is therefore a statistical process; within a 
production batch, 5% of the rods may fall be- 
low the minimum value in a normal distribu- 
tion. 

If tack or butt welding is used, the suitabil- 
ity of the material for these processes must be 
confirmed. 

Steels used in prestressed concrete must 
have considerably better properties. Steel 
grades for < 36 mm diameter rods should have 
0.2% proof strength 1080 N/mm], with tensile 
strength 1230 N/mm”, and 0.01% offset yield 
strength 950 N/mm’. For wire, depending on 
the diameter, 0.2% proof strength 1420 
N/mm? in the quenched and tempered state 
and 1570 N/mm? in the cold-drawn state is 
specified. Braided or stranded cold-drawn 
wire is also used in prestressed concrete. Qual- 


ity specifications for prestressing steels are 
given in EN 10138. 


2.3.1.2 Steels Suitable for Heat- 
Treatment and Surface Hardening 
[16] 


General. The explanation for the wide range 
of properties that can be produced by heat 
treatment is that two phase transformations 
occur in the iron lattice between the melting 
point and room temperature. This enables a 
large number of different structures to be pro- 
duced, depending on the chemical composi- 
tion and the type of heat treatment. 

In steels intended for quenching and tem- 
pering or similar heat treatment, strength and 
toughness properties are of overriding impor- 
tance [17], as is the case with the structural 
steels described in previous section. However, 
other properties, described as important in the 
earlier section, e.g., weldability, are not so vi- 
tal. Hence, it is not necessary from the outset 
to consider limiting the carbon content. On the 
contrary, high carbon content is always con- 
sidered in these steels, as their strengths need 
to be high, sometimes extremely high. In spite 
of certain transitions, the carbon content is the 
important difference from the weldable 
quenched and tempered steels described ear- 
lier. 

This heat treatment consists of quench 
hardening in the first step. The material is 
heated until transformation to austenite is just 
complete and then it is quenched so rapidly 
that during cooling the austenite is not trans- 
formed to ferrite and pearlite, but to marten- 
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site. Figure 2.3 shows the hardness values that 
can be achieved by complete transformation to 
martensite, as a function of carbon content. 
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Figure 2.3: Maximum achievable hardness of martensite 
as a function of carbon content. 
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Figure 2.4: Tempering diagram of a heat-treatable steel 
after quenching from 830 °C in water. Diameter 60 mm. 
In a second step, the hardened workpiece is 
tempered, i.e., reheated to a temperature ap- 
preciably below that at which the first y solid 
solution reappears. This enables carbon to be 
released from forced solution in the marten- 
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site, and the dislocation density, which had 
been increased by the hardening, decreases 
again. This process can be very precisely con- 
trolled by means of the temperature and dura- 
tion of the tempering stage, enabling the 
desired properties to be obtained (Figure 2.4). 


Quenched and tempered steels have a wide 
range of uses: as components of vehicles and 
machines, in heavy forgings, in springs and 
roller bearings, and in a wide range of tool 
steels. In general, the carbon content 15 0.25— 
1% or above. Depending on the application 
they are unalloyed, but mostly have alloy con- 
tent < ca. 5% (low-alloy steels). Tool steels, 
which have a very wide range of applications 
and are frequently highly alloyed, do not come 
within the scope of this article [18]. 


Properties and their Measurement. For the 
steels discussed in this section, the distinction 
must be made between the application proper- 
ties and the processing properties. 


When steel is in use, strength, hardness, 
and toughness are important, but requirements 
vary widely according to the loading condi- 
tions in individual cases. The fatigue endur- 
ance limit is important in many applications, 
and a very high degree of purity with respect 
to nonmetallic inclusions can also be ex- 
tremely important (springs, roller bearings). 

Surface decarburization can be tolerated 
only within very narrow limits, so that, for 
high carbon content, great care in hot forming 
processes and subsequent heat treatment is 
necessary. With steels in which special car- 
bides are present (Cr, Mo, V), the conditions 
must ensure uniform carbide distribution in 
the structure in all stages of steel manufacture. 
The demand for these application properties 
means that the values determined in tensile 
tests are very important. The area reduction at 
fracture Z is of great interest when assessing 
these materials. 


The notched-bar impact energy is usually 
determined at room temperature with the ISO 
V-notched specimen, which has replaced U- 
notched (e.g., DVM) test pieces. However, the 
DVM test piece is still used in some cases, and 
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was predominantly used to obtain the results Groove for 
quoted in the literature. attaching test 
The Rockwell test (HRC) is the most com- p 725] piece 
mon method of hardness measurement, espe- 
cially for high hardness values. 
Metallographic investigation of purity, 
metal structure, and carbide distribution (if ap- 
plicable) is essential with these steels. 
The most important processing property is 
hardenability, the tendency of a steel to in- 
crease in hardness on quenching. The highest 


hardness value attainable on complete trans- ж 
formation to martensite (Figure 2.3) depends 5 
on the carbon content; the extent of hardness = 
penetration depth (partial conversion to mar- 28% 
tensite) depends on the overall chemical com- $}; ¥ 
position of the steel. FE 
Of the numerous methods of testing harde- «4 
nability, only Jominy's end quench test is now — ° H a 


of practical importance [19]. The cylindrical 
test piece is heated to the hardening tempera- 
ture (Figure 2.5), and one end face is quenched 
by a standard water jet [20]. The extent of 
hardening is determined by observing a pol- 
ished side surface. The hardness values at var- 422! 

ious distances from the quenched end face figure 2.5: The end quench test. 
(Figure 2.6) give a measure of the hardenabil- 

ity of the steel. 
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Figure 2.6: End quench hardness curves for heat-treatable steels of various chemical compositions: A) Carbon content 
approximately constant, variable alloy content; B) Alloy content approximately constant, variable carbon content. 
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These end quench hardness curves, which 
show a small amount of scatter, are the most 
important criteria for the assessment and clas- 
sification of hardenable steels in all standard 
specifications. In conjunction with the TTT 
diagrams for the various grades of steel, the 
hardening curves facilitate the choice of the 
most suitable and economic steel grade for a 
given application and with a given section, 
and the conditions of the heat treatment. As 
the hardenability, so defined, is a function of 
the chemical composition and the steel mak- 
ing process, formule have been developed for 
different alloy types which can be used to cal- 
culate end quench hardness curves [21]. 

In addition to hardenability, other important 
processing properties include the capacity for 
cold shearing of semifinished products and 
merchant bars, machinability, and massive 
cold forming properties. If weldability is 
needed, e.g., for joining structural elements, a 
suitable welding process must be used, with 
low heat input or high energy density. 

Capacity for cold shearing can be ensured 
only by spheroidize annealing appropriate 
grades of steel (> 0.4% C), while machinabil- 
ity can be improved by a small increase in sul- 
fur content, and sometimes by a small addition 
of lead. Massive cold forming properties can 
sometimes be improved by adjusting the 
chemical composition. 


Steel Grades. Whereas heat-treatable unal- 
loyed steels, usually with carbon content vary- 
ing stepwise from 0.2% (2 C 22) to 0.6% (2 C 
60) are similar worldwide, alloyed heat-treat- 
able steels have been developed in the indus- 
trialized countries to varying extents, 
depending on the availability and cost of the 
expensive alloying elements, e.g., nickel. The 
resulting range of heat-treatable steels speci- 
fied in EN 10083-1, ISO/R 683, and the SAE 
Handbook, whose areas of use sometimes 
overlap, cannot be described in detail here 
[22]. They include, in order of increasing ca- 
pacity, the Cr, Cr-Mo, and Cr-Ni-Mo steel 
prades. 

Heat-treatable steels which also contain the 
alloying elements vanadium or cobalt can 
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have yield and tensile strengths » 1200 
N/mm’, with good toughness properties. 
These are known as ultra-high-strength steels 
(UHS steels), and are used for components 
where the cross section must be as small as 
possible. e.g., in the aerospace industry [23]. 
This group also includes very highly alloyed 
maraging steels; these are not described fur- 
ther here. 

For surface hardening, in which a com- 
pletely martensitic structure is formed in only 
a controlled surface layer while the structure 
of the inner core is unchanged, unalloyed 
steels or steels alloyed with chromium only 
are preferred, as the hardenability curves of 
these materials are relatively steep. 

Brief mention should be made of the devel- 
opment of precipitation-hardened  ferritic- 
pearlitic steels (PFP steels), which are used for 
forged components, mainly in the automotive 
industry [24]. These microalloyed steels are 
subjected to a thermomechanical treatment by 
controlled cooling from the forging tempera- 
ture, and can replace “classical” quenched and 
tempered steels, enabling the manufacturing 
costs of items such as steering stub axles, front 
axle components for commercial vehicles, and 
inlet valves for combustion engines to be 
much reduced by the avoidance of heating 
costs (Figure 2.7), and by other processing 
simplifications [25]. 
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Figure 2.7: Processes in the production of crank shafts 
from various steels: A) Heat-treatable steels; B) Microal- 
loyed pearlitic steels. 

These steels have carbon content ca. 0.25- 
0.45%, with Mn content 1.2-1.6%, and con- 
tain 0.1% vanadium (or sometimes niobium). 
Components can have tensile strength 850 
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N/mm? (27 Mn Si V 5 6), or 1000 N/mm? (44 
Mn Si V S 6), combined with good toughness 
properties. Development work on these steels 
and their possible applications is expected to 
lead to further improvements. 

Most spring steels are quenched and tem- 
pered steels [26]. Steels containing 1.5-2% Si 
that were formerly widely used for springs 
have lost much of their importance because of 
their strong tendency to surface decarburiza- 
tion, except in cases where the surface quality 
has to be improved by machining after heat 
treatment. Heat treatable steels used for 
springs mostly have carbon content > 0.5%. 


Case Hardening Steels. These are designed 
for a heat treatment similar to quenching and 
tempering, but with a different objective, 
which can be compared to the surface harden- 
ing process [27]. 

Components made of these steels, with car 
bon content 0.10-0.25%, are carburized by to- 
tal or partial immersion in powder, or in a mol- 
ten salt bath, or a gas atmosphere. This can 
give carbon content > 1% in the surface layer. 
After the component has been case hardened, 
it is tempered at comparatively low tempera- 
ture (ca. 200 °C). This produces a very hard 
surface layer and a less hard but very tough in- 
terior, resulting in high wear resistance, im- 
proved fatigue strength, and very good 
resistance to impact stresses. 

The chemical composition of case harden- 
ing steels must be such that good carburization 
is possible without the formation of a coarse- 
grained structure at the temperatures used. 
Components made of case hardening steel are 
often produced in large numbers, e.g., gear 
wheels for motor vehicles, so there must be a 
high degree of uniformity within a melt and 
from one melt to the next. Plain carbon steels 
can be used, but usually low- to medium-alloy 
steels, containing Cr, Cr-Mn, Cr-Mo, or Сг- 
Ni-Mo, are utilized. 

In the United States, case hardening steels 
are also widely used for roller bearings, but in 
Europe, highly through-hardening steels con- 
taining ca. 1% C are preferred [28]. These 
steels are alloyed with ca. 1.5% Cr. For larger 
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dimensions, the Cr content is increased to ca. 
1.8%, with addition of ca. 0.3% Mo. 
Hardness, wear resistance, and fatigue 
strength are the most important qualities of 
roller bearing steels. After quench hardening, 
stress relief is usually carried out at < 200 °C. 
The high specifications for purity and metal 
structure, especially with respect to the car- 
bide structure, have already been described. 


2.3.1.3 Steels for Elevated 
Temperature Applications 


General. Creep-resistant steels must have 
strength properties and ductility appropriate 
for the high operating temperatures expected 
in use. Many components, e.g., for the high- 
pressure systems of thermal power stations, 
are used at an almost constant operating tem- 
perature and constant mechanical load. For 
this type of design, statically determined char- 
acteristic properties are used, including the hot 
yield strength at up to ca. 400 °C, and the 
creep strain limit or creep rupture strength 
above this temperature. For fluctuating me- 
chanical and thermal stresses, dynamically de- 
termined characteristic properties are used, 
and the number of cycles of high load (e.g., 
emergency shutdowns) is limited during the 
component lifetime. To avoid crack formation 
in the case of impact loads, the toughness 
properties must be adequate, both in the mate- 
rial as supplied and after it has undergone pro- 
longed thermal exposure. A material must 
have good high-temperature corrosion resis- 
tance in the medium (gas, air, steam) at the op- 
erating temperature. 


Properties and Their Measurement. As the 
temperature increases, the yield strength and 
tensile strength values determined in tensile 
tests on metallic materials decrease. At higher 
temperatures, the mechanical strength is so 
strongly time dependent that the creep strain 
limit and creep rupture strength can be less 
than the hot yield strength. 

Reliable characteristic parameters for de- 
sign lifetimes > 200 000 h, e.g., for power sta- 
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tions, can only be determined by very 
prolonged creep rupture tests. A time extrapo- 
lation of test results of this kind by a factor > 3 
is not meaningful [29, 30]. Experiments last- 
ing at least 8 years with a large number of test 
pieces from different heats at various tempera- 
tures are required to ensure that the figures for 
a new material are known with certainty for 
design purposes (Figure 2.8) [31]. Creep tests 
on welds, in some cases in the intended envi- 
ronment, are also required. Tests in aggressive 
gases, or in reactor helium [32], greatly in- 
crease the cost compared with normal testing 
in air. If the hot yield strength and creep rup- 
ture strength are plotted against the test tem- 
perature for a material, the hot yield strength 
curve intersects that of the creep rupture 
strength. This intersection point (Figure 2.9) 
[33], indicates the temperature up to which the 
component design can be based on the mate- 
rial's hot yield strength. For design tempera- 
tures above the intersection point, calculations 
must be based on the creep rupture strength. 
According to the German technical regulation 
for steam vessels, TRD Series 100, the lowest 
of the following figures is critical when calcu- 
lating the highest operating temperature: 


e Hot yield strength: Ry, /1.5 
e Creep strain limit: Соо 000 
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Figure 2.8: Creep rupture strength of 12 Cr 1 Mo V steel: 
A) At 550 °C; B) At 600 °C. 
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Figure 2.9: Hot strength values according to DIN 17175: 
a) St 35.8; b) 17 Mn 4; c) 15 Mo 3; d) 15 Ni Cu Mo Nb 5; 
е) 13 Cr Mo 4 4; f) 10 Cr Mo 9 10; р) X 20 Cr Mo V 121. 
e Creep rupture strength 

at 100 000 h: Фо өж1-5 

at 200 000 h: 0.865700 000 

The minimum values of the hot yield 
strength and the recommended values of creep 
strain limit and creep rupture strength are 
specified as a function of temperature in the 
most recent issues of DIN 17155 for heavy 
boiler plate, DIN 17175 for seamless tubes, 
DIN 17177 for longitudinally welded tubes, 
DIN 17240 for nuts and bolts, and Stahl-Eisen 
Werkstoffblatt (StEW) 670 for high-tempera- 
ture steels. 

Similar regulations apply in other coun- 
tries. In the United States, the ASME Code 
gives allowable stresses as a function of tem- 
perature for every material. This is based on 
the lowest of the following figures: 


e Tensile strength at 20 °C: R,/4 
e Hot yield strength: Ry, /1.5 


e Creep rupture strength: 65/05 991.5 

For internationally used high-temperature 
and creep-resistant steels, the characteristic 
high-temperature strength values have been 
harmonized by agreement between the na- 
tional committees. However, for newly devel- 
oped steels, the creep rupture values available 
from some countries should be viewed enti- 
cally, as they may be based on extrapolations 
by a factor of » 3, and hence may be too high. 

As well as the creep measurements men- 
tioned, isothermal relaxation experiments at 
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high temperatures are carried out for screw 
stock. 

Toughness behavior has so far been as- 
sessed from the reduction in area and elonga- 
tion at fracture measured on creep rupture 
specimens, and the behavior of notched creep 
rupture specimens. Good performance proper- 
ties are postulated if the observed figures for 
notched test pieces lie within the same scatter 
band as that for unnotched pieces, or in the up- 
per part of it (Figure 2.10) [34, 35]. In future, 
additional figures obtained in fracture me- 
chanical tests at room temperature and ele- 
vated temperatures are to be included in the 
assessment, and the possibility of embnittle- 
ment of the material on prolonged stressing of 
the component is to be considered. 

Unlike components made of most other 
types of material, those made of creep-resis- 
tant steels are assessed for their remaining life 
expectancy after various periods of time. Such 
assessments can be carried out if the lifetime 
assumed in the design calculations is ex- 
ceeded, if other design assumptions (pressure, 
temperature) are changed, or if other compo- 
nents have not withstood similar stresses [36, 
37). In Germany, TRD 508 specifies proce- 
dures in such cases. 
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Figure 2.10: Creep rupture strength at 650 °C of X 3 Cr 
Ni Mo N 17 13 steel. K, notched sample; arrow, still flow- 
ing. 


Grades of Steel. Plain carbon steels have been 
used since the 1900s for temperatures up to ca. 
400 *C and low mechanical stresses. To meet 
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the increased demands on the mechanical 
load-bearing properties of power station com- 
ponents, fine-grained structural steels with im- 
proved high-temperature properties have been 
developed. Their carbon content has been re- 
duced to < 0.20%, or even < 0.15%, to im- 
prove their toughness and to limit hardening in 
heat-affected zones. They contain € 2% man- 
ganese and small additions of aluminum, va- 
nadium, niobium, and nitrogen in various 
combinations to give increased strength by 
grain refinement. Depending on the trend of 
development, the hot yield strength can be in- 
creased by small additions of molybdenum, 
nickel, and copper. This group of materials in- 
cludes normalized ferritic—pearlitic steels and 
heat-treated bainitic steels. These steels are 
used for pressure-bearing parts of nuclear 
power stations, and also in conventional 
power stations for pressure feedwater pipes, 
cylindrical boiler shells, etc. (Figure 2.11) 
[38]. There are also areas of application in the 
chemical and petrochemical industries. These 
steels are normally used only in the tempera- 
ture range in which hot yield strength is the 
design criterion. 
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Figure 2.11: Areas of application of high-temperature 
steels. LWR = Light water reactor. 

Mainly as a result of the safety require- 
ments of the nuclear industry, further develop- 
ments to these steels have been directed to 
improving their toughness properties. Impor- 
tant developments have included reduction of 
the carbon content, and strengih improvement 
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by the addition of manganese, nickel, and mo- 
lybdenum (e.g., 15 MnNi 6 3, 15 NiCuMoNb 
5, and 20 MnMoNi 5 5 steels). By reducing 
the sulfur content and chemically bonding the 
remaining sulfur, a significant increase in 
toughness can be achieved, especially perpen- 
dicular to the direction of rolling [6.536, 39]. 


Low-Alloy Steels for Creep Resistance. 
Molybdenum is the alloying element that most 
effectively increases creep resistance in this 
group of steels, The greatest effect is observed 
at 0.5% Mo [40]. The oldest creep-resistant al- 
loy steel in Germany is 15 Mo 3 steel, alloyed 
with 0.3% Mo to prevent long-term embrittle- 
ment. In the United States, Mo content 0.5% is 
usual in the steel grade T1. After heat treat- 
ment, molybdenum steel has a ferritic-pearl- 
itic structure. It is mainly used in the 
temperature range 400-500 °C. 


140 
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Figure 2.12: Change of impact strength at room tempera- 
ture after long-term high-temperature exposure (550 °C): 
а) 17Cr-13Ni-2Mo; b) 16Cr-13Ni-1Mo V Cb М; c) 12Cr- 
1Mo V; 4)2.25Сг-1Мо; е) 1Cr-0.5Mo. 

The long-term embrittlement of Mo-con- 
taining steels above 440 °C can be prevented 
by alloying with chromium |41). This discov- 
ery led to the development of stronger creep- 
resistant steels with molybdenum content up 
to about 1%. The steels 13 CrMo 44 and 10 
CrMo 910, which correspond to the United 
States steels T12 and T22, resulted from this 
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development, and have been used successfully 
all over the world in the temperature range 
450-550 °C (Figure 2.11). Depending on size, 
shape, and heat treatment, these steels have 
variable ferrite and bainite content. Chromium 
contributes only slightly to the creep strength, 
but improves scaling resistance. 

Increasingly strict safety requirements are 
leading to high specifications for toughness 
properties and creep rupture strengths for 
these steels. However, in the course of a pro- 
longed period of stress, the toughness of com- 
ponents can decrease to a greater or lesser 
extent according to the stability of the struc- 
ture of the material (Figure 2.12) [38]. This 
behavior cannot be changed by metallurgical 
treatment of the heat. 

Martensitic Steels with Higher Chromium 
Content for Creep Resistance. As power sta- 
tion design develops, the tendency is towards 
larger units, higher temperatures, and higher 
pressures. This has led to highly stressed com- 
ponents such as live steam pipework, for 
which low-alloy steels with very thick walls 
are used. The development of steels with 
higher strength and higher creep resistance 
containing 9-12% chromium, with additions 
of molybdenum, vanadium, nickel, and nio- 
bium, offers the possibility of using lighter 
and more flexible designs, even for these 
highly stressed areas (Figure 2.13). After heat 
treatment, these steels have the tempered mar- 
tensite structure, even with wall thickness as 
high as 100 mm. 

In Europe, a 12% chromium steel with the 
German grade number CX 20 CrMoV 12 1 has 
been used for some decades with great suc- 
cess. Its high carbon content (0.20%) leads to 
a fairly high degree of hardening on hot pro- 
cessing or welding, reaching ca. 600 HV. With 
appropriate temperature control, this stecl is 
included in the program of all European fabri- 
cating plants. To facilitate metal-working pro- 
cesses, a 9% chromium steel with carbon 
content reduced to 0.10% was developed in 
the 1980s [42]. This reaches only ca. 420 HV 
after hardening [43]. In the United States, this 
is known as T 91 or P 91 steel, and, in Ger- 
many, X 10 CrMoVNb 91. Control of the alloy 
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content within narrow limits and especially 
the precipitation of very finely divided nio- 
bium carbide gives creep rupture strengths in 
the important temperature range 550-600 °C 
that are 10-30% better than those of X 20 Cr- 
MoV 121 steel. 


; 
ы ee ы 
Figure 2.13: Dimensions of comparable T-pieces in 10 

CrMo 9 10 and X 20 CrMoV 121. 

As these martensitic steels have the advan- 
tage of lower thermal expansion and higher 
thermal conductivity compared with the auste- 
nitic steels used at ca. 600 °C, development 
programs are in progress, aimed at increasing 
the creep rupture strength of martensitic steels 
still further. 

As the carbon is in the form of very stable 
carbides in these steels, they also meet the de- 
manding requirement for resistance to high- 
pressure hydrogen for the chemical and petro- 
chemical industries. 

Austenitic Steels for Creep Resistance. 
Austenitic Cr-Ni steels are used for operating 
temperatures 2 600 °C (Figure 2.11). To avoid 
embrittlement at the operating temperature (с- 
phase), these steels are produced with higher 
nickel and lower chromium content than the 
stainless grades, е.р., 16% Cr and 13% Ni. 
Addition of N, Mo, W, V, Co, Nb, Ti, Al, or B, 
individually or in combination, significantly 
increases the creep strength of these steels. 

Unstabilized austenite was at first favored 
for boiler construction in the United States, 
but niobium-stabilized austenites were later 
developed in Germany to reduce the risk of in- 
tercrystalline corrosion, and to improve creep 
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resistance; they have been used with great suc- 
cess [34]. 

In order to produce crack-free welds on 
even larger sections, a series of unstabilized 
austenites with much reduced carbon content 
were developed in Germany at the end of the 
1960s [35, 44]. Addition of ca. 0.15% N com- 
pensated for the lack of niobium, whose pres- 
ence improves creep nıpture strength (Figure 
2.10). 

Austenites with additions of W, Ti, B, and 
Co were used to meet still higher specifica- 
tions for creep strength and operating temper- 
atures. For weldable components, boron 
content is tolerable only up to a maximum of 
0.006%. Steels with cobalt additions of 10- 
20% [45] give the highest creep rupture 
strengths above 650 °C. These are used in the 
construction of gas turbines and power trans- 
mission systems. They represent the transition 
to the high-temperature nickel and cobalt al- 
loys, both in composition and use. 


Standardization. Testing procedures at high 
temperatures are described in EN 10002-5. 
The European standard EN 10028-2 gives a 
more detailed specification for high-tempera- 
ture sheet steels, EN 10216-2 for seamless 
tubes, EN 10217-2 for welded tubes, EN 
10222-2 for forgings, and EN 10213-2 for 
steel castings. The following United States 
standards give specifications for high-temper- 
ature steels: for sheet ASTM A 202, A 203, A 
204, A 225, A 299, A 302, A 387, A 515, A 
516, A 517; for seamless tubes, ASTM A 106, 
А 161, A 192, A 209, A 210, A 213, A 271, A 
335, A 369, A 376, A 426, A 430, for welded 
tubes, ASTM A 178, A 226, A 249, A 250, A 
358, A 671, A 672, A 691; for forgings, 
ASTM A 105, A 182; for bolts, ASTM A 193; 
and for nuts, ASTM A 194. 


2.3.1.4 Low-Temperature Steels 


General. Low-temperature steels must have 
good toughness properties at the lowest 
planned operating temperature. In cryogenics, 
gas separation, liquefaction of hydrocarbons, 
space technology, superconductivity, and 
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other areas, components are subjected to tem- 
peratures of -200 °C and below [46]. These 
components and their welded joints must have 
good toughness properties, especially under 
impact stress, to avoid brittle fracture. 


Properties and Tests. Yield strengths and ten- 
sile strengths, which are measured by tensile 
tests, increase with decreasing temperature. 
With ferritic steels, a decrease in toughness 
occurs over the narrow temperature range 
(transition temperature) typical of these 
grades of steel. At temperatures below the 
transition temperature, which also depends on 
the testing method, the test pieces show brittle 
fracture properties. The transition tempera- 
ture is shifted to higher temperatures by an in- 
creasing degree of multiaxial stress, a sharper 
notch shape, and a higher rate of loading. Sta- 
ble austenitic steels show a small decrease in 
toughness properties with falling temperature, 
but with no sudden drop. 


Toughness measurements are carried out by 
means of notched-bar impact tests, preferably 
with the ISO V-notch test piece at a low tem- 
perature typical for the material, or at the low- 
est planned component temperature. The tests 
must be carried out not only on the base mate- 
rial, but also on the welded joint, the weld 
metal, and the heat-affected zone. For a funda- 
mental assessment of the material, tests must 
also be carried out on test pieces similar in size 
and shape to the component. 


Other important application properties in- 
clude the thermal expansion coefficient and 
the thermal conductivity [47]. These play an 
important part in control of shrinkage stresses 
in long pipes or rigid structures on cooling to 
the operating temperature, and also when dif- 
ferent materials are joined, e.g., when ferritic 
steels are welded with an austenitic material. 
Shrinkage stresses in pipework are reduced by 
compensators, whose capacity and number de- 
pend on the thermal expansion coefficient of 
the steel, the operating temperature, and the 
length of the pipeline. Shrinkage of austenitic 
steels is 50% greater than that of ferritic steels. 
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Ferritic Steels. Within the range of world cli- 
matic temperatures and a little below this, i.e., 
down to ca. -50 °C, normalized plain carbon 
fine-grained structural steels meet toughness 
requirements. Addition of s 1.7% Mn and < 
0.8% Ni, with carbon content reduced to 
0.16%, increase both yield strength and 
toughness within this temperature range. 
These steels are suitable for propane and pro- 
pene liquefied gas technology, i.e., for operat- 
ing temperatures down to -50 °C. 

For lower temperatures, several nickel-con- 
taining steels have been developed. Nickel re- 
duces the transition temperature, and favors 
formation of bainite and martensite. Both 
these effects lead to a reduction in the size of 
the secondary grains. Heat treatment involv- 
ing quenching and tempering further enhances 
this effect, and leads to a significant reduction 
in ductile~brittle transition temperature. Thus, 
steels containing 3.5% Ni can be used at — 
100 °C, and those containing 5% Ni down to — 
120 °C (below the liquefaction temperatures 
of carbon dioxide, ethane, and ethene). Steel 
containing 5.5% Ni and 0.2% Mo is a later de- 
velopment which gives improved toughness 
properties, enabling it to be used even at 
-170 °C. 

Steel containing 9% Ni represents a special 
case. It has outstanding toughness properties 
even at —200 °C, and is widely used in natural 
gas and air liquefaction. Compared with the 
austenitic steels used in this temperature 
range, 9% Ni steel has twice the yield strength 
and therefore enables designs with smaller 
load-bearing sections to be used. A further ad- 
vantage over austenitic steels is the signifi- 
cantly lower thermal expansion coefficient of 
9% Ni steel, enabling the number of compen- 
sators in long pipelines subjected to low tem- 
peratures to be reduced. On cooling from 
room temperature to -200 °C, a 1 km pipe of 
austenitic steel shrinks by 3 m, while 9% Ni 
steel shrinks by only 2 m. This steel also has a 
special structure. On normalizing by cooling 
with air or water, a transformation structure of 
low-carbon martensite with some bainite is at 
first formed. Subsequent tempering is carried 
out just above А. This produces small 
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amounts of stable austenite in the transforma- 
tion structure, and these give the toughness 
properties [48]. 

In all low-temperature ferritic steels, the 
sulfur content should be minimized to give op- 
timum toughness properties, and to reduce 
toughness anisotropy. With 3% Ni steel, 
matching welding consumables can be used. 
The higher-nickel steels are welded with aus- 
tenitic filler materials. These can be iron- 
based alloys with ca. 18% Cr, 12% Ni, or 
nickel-based materials with ca. 65% Ni and 
15% Cr. The lower yield strength of the auste- 
nitic weld metal compared with the ferritic 
base material must be allowed for in designing 
the component. When austenitic weld materi- 
als containing 18% Cr and 12% Ni are used, 
the welded joint must not be heat treated, to 
avoid diffusion of carbon from the base mate- 
rial into the weld metal. To overcome these 
problems, a type of welding material contain- 
ing 11% Ni has been developed which gives 
good toughness properties at —196 °C, and has 
strength properties that match the base mate- 
rial (Figure 2.14) [49, 50]. 


Austenitic Steels. Austenitic Cr-Ni steels are 
suitable for operating temperatures close to 
absolute zero (-273 °C). To optimize tough- 
ness properties, the alloy content must be such 
that a stable austenitic structure is produced, 
and no martensite is formed by plastic defor- 
mation at these low temperatures. These steels 
are also used in superconductivity technol- 
ogy, as they have no ferromagnetic constitu- 
ents, even at the lowest temperatures. This is 
also true for the welded joints, whose freedom 
from hot cracking (a common occurrence oth- 
erwise) must be ensured by including small 
amounts of ferrite. A stable austenitic steel 
with a high nickel content and additions of 
Mo, Mn, and N has proved successful [51]. It 
also shows a higher yield strength than nitro- 
gen-free austenitic steels (Figure 2.15). 


Whereas austenitic Cr-Ni steels have a rel- 
atively high thermal expansion coefficient, 
that of austenitic steel containing 36% Ni is 
extremely low, ca. 10% of the value for nor- 


35 


mal austenites. This material also maintains its 
good toughness properties near absolute zero. 
It is therefore suitable for low-temperature 
components where it would be difficult to de- 
sign a shrinkage compensation system, or 
where sudden temperature changes are to be 
expected. Examples of its use include mem- 
brane tanks for liquefied gas tankers and com- 
ponents for filling plants in rocket technology 
[52]. 


Standards. Specifications for low-tempera- 
ture steels are provided by European standards 
EN 10028-4 for nickel-steel sheet and EN 
10213-3 for steel castings. The United States 
ASTM standards include specifications for 
low-temperature steels as follows: for sheets, 
ASTM A 320, A 516, A 537, A 553; for pipes, 
ASTM A 333, A 334; for screws, ASTM A 
320; for welded components, ASTM A 350, A 
420, A 522. 


2.3.1.5 Wear-Resistant Steels [53] 


General. Wear occurs as a result of the me- 
chanical interaction of two bodies in contact 
which move relative to each other, so that their 
surfaces become eroded and altered. The sur- 
face properties of a material subjected to wear, 
e.g., during the dressing and transporting of 
granular mineral materials, are therefore of the 
greatest importance. The nature of the wear 
system is also very important, e.g., dry or lu- 
bricated sliding wear, dry or lubricated rolling 
wear, jet wear, or other mechanisms. Thus, 
wear depends not only on the material of the 
main constructional component, but also on 
all the other materials that make up the sys- 
tem, and on other conditions. Assessment of 
the suitability of a material by means of labo- 
ratory wear tests is problematic [54]. Tests of 
this type, e.g., by rotary grinding mills or the 
impact of a stream of abrasive particles, 
should be used only for basic research. The 
evaluation of different iron-based materials 
for a particular use requires practical investi- 
gation of the actual system. 
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Figure 2.14: Properties of weld metals X 8 Ni 9 steel: A) Strength properties, В) Notched-bar impact energy SMA = 
shielded-metal arc welding; MIG = metal-inert gas welding, SA = submerged-arc welding, TIG = tungsten inert-gas 


welding. 


Properties and Methods of Measurement. 
As wear is a surface problem, surface hardness 
is the most important property to be measured. 
However, when hardness properties are equal, 
differences in structure can affect wear behav- 
ior [55]. Therefore, as well as surface hardness 
measurements, investigations of metallic 
structure are carried out. This gives informa- 
tion about the proportions of the various very 
hard particles in the structure, not only in the 


surface layer, but also in the cross section, giv- 
ing the depth to which wear can be tolerated in 
a component. With steels that are only quench 
hardened, and also with quenched and tem- 
pered hypoeutectoid steels, increased carbon 
content leads to increased hardness values, 
and hence higher wear resistance properties. 
Carbides are responsible for wear resistance in 
most hypereutectoid steels which are normal- 
ized or quenched and only slightly tempered. 
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Figure 2.15: Low-temperature mechanical properties of plate and rod 12-80 mm thick: A) X 3 CrNiN 18 10 steel; B) X 
3 CrNiMoN 18 14 steel. Tensile test pieces from plate: transverse; from rod (80 mm squate); longitudinal; notched-bar 
impact test pieces; ISO V-notch transverse; notch-tensile test pieces: a, = 4. 


Grades of Steel. In quenched ledeburitic 
steels (> ca. 1.5% C) and in martensitic white 
cast iron, resistance to abrasive wear is maxi- 
mized at the expense of toughness, and hence 
of resistance to brittle fracture. 

Components that are exposed to very se- 
vere wear often also need to withstand bend- 
ing and impact stresses, so toughness and 
resistance to brittle fracture are also important. 
Plain carbon steels and alloy steels containing 
carbide-forming alloying elements, e.g., chro- 
mium, molybdenum, and vanadium, are used 
(50 Mn 7, 42 Cr Mo 4), and also hypereutec- 
toid steels such as the roller bearing steel 100 
Cr 6. Tempering treatment is used to adapt the 
hardness and toughness to the application. In 
products made of steel plate, e.g., dumper 
trucks, garbage trucks, concrete mixers, 


chutes, and bunkers, weldability is important. 
Quenched and tempered structural steels, e.g., 
Fe 690, have good wear resistance. 

Austenitic manganese steel with 1.2% car- 
bon and 12% manganese attains its very high 
wear resistance only after work hardening of 
the surface layer by impact wear loading. The 
toughness of the core structure is therefore 
suitable for dredger buckets, crusher jaws, and 
similar equipment. Steel castings are often 
used here. 

Good wear resistance properties are also 
important in railway track [56]. This functions 
as support, roadway, and as guiding device, so 
that rails are subjected to very high dynamic 
stresses [57]. Where the wheel comes into 
contact with the rail, considerable deformation 
and work hardening of the steel of the rail 
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takes place. The steel used for rails must have 
sufficient welding properties for welding pro- 
cesses used to produce continuous rails, е.р., 
flash-butt welding and aluminothermic weld- 
ing. The steel grade UIC 90 A, specified by 
the Union intemationale des chemins de fer 
(UIC) contains ca. 0.75% C and ca. 1% Mn, 
and is used by most railway companies. It 
must have tensile strength > 880 N/mm? in the 
as-rolled condition. 

In very highly stressed sections of railway 
line, wear resistance is increased by heat treat- 
ing the head of the rail when this grade of steel 
is used (Figure 2.16) [58]. A fine pearlitic 
structure is produced in the head area of the 
rail, giving increased hardness and tensile 
strength > 1175 N/mm?. This heat treatment is 
sometimes also carried out at the ends of the 
rails to improve resistance to impact stresses 
at the expansion gap in jointed rail. 

For highly stressed sections of track in dif- 
ficult terrain, steel rails with as-rolled strength 
> 1100 or even 1200 N/mm? are used [59, 60]. 
These steels have increased silicon content, 
with ca. 1% Cr, and are alloyed with vana- 
dium. 


2.3.1.6 Steels for Pipelines 


General. Gas, oil, water, chemical products, 
and solids, such as coal and ore in slurry form, 
are transported through pipelines. The choice 
of pipeline material depends on the operating 
conditions and the material being transported. 
On one hand, high operating pressures, and on 
the other, temperatures as low as -60 °C for 
gas pipelines in arctic regions, affect the 
choice of material. Corrosion damage is possi- 
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ble on the inside of the pipeline by the material 
being transported, and on the outside by the 
surrounding medium. Field welding pro- 
cesses must be suitable for these steels. 


Properties and Testing. Testing of the mate- 
rial in the direction of the main stress is carried 
out on cylindrical tensile samples taken from 
the pipe wall in a transverse direction. To 
avoid the Bauschinger effect, the sample test 
pieces are taken in such a way that no dressing 
or straightening is required. Because of the 
high toughness requirements, a Battelle drop 
weight tear test (BDWT) is often carried out as 
well as the usual ISO V-notch test [61]. The 
sharply notched test pieces used to span the 
entire pipe wall thickness. The temperature at 
which a given proportion of the fracture is 
ductile (e.g., 85%) is determined. 


In gas pipelines, after initiation of a crack 
of a critical length, instable cracks can propa- 
gate at a high constant velocity over great dis- 
tances. To avoid such crack propagation, the 
notched-bar impact energy should be very 
high, and fracture should be fully ductile at the 
operating temperature. To determine the re- 
quired toughness values, large-scale tests are 
carried out in which sections of pipelines of 
varying toughness are tested in 200 m long test 
strings. A crack is initiated in a full-scale ex- 
perimental pipeline which is kept under pres- 
sure. The crack propagation rate and mode of 
propagation give information about the behav- 
ior of the material [62]. With increasing pipe 
wall stresses, notched-bar impact energies 
must be higher to avoid long-running cracks 
(Figure 2.17). 


Figure 2.16: Hardening the head of a rail: A) Isotherms after inductive heating (°C), B) Measurements after hardening 


with compressed air, C) Hardness distribution (HV 10). 
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Figure 2.17: Required notched-bar impact energy as a 
function of hoop stress. Pipe diameter 1.420 mm; wall 
thickness 20 mm. 


The action of condensates containing hy- 
drogen sulfide can lead to hydrogen-induced 
cracks starting at inclusions in the steel. Tests 
for resistance to this type of corrosion consist 
of kceping rectangular test pieces in a standard 
solution, saturated with H,S, for 96 h, fol- 
lowed by metallographic inspection for the 
presence of hydrogen-induced cracks [63]. 


Whereas hydrogen-induced corrosion can 
take place at normal pressures, tensile stresses 
must be present for hydrogen-induced stress 
corrosion cracking to occur. This may be pre- 
vented by not exceeding a critical stress value 
which is in the region of 20-50% of the yield 
strength of the material. Mechanical expan- 
sion or quenching and tempering of the tubes 
is also effective in reducing critical internal 
stresses [64]. 


Field weldability is of special significance 
when efficient welding processes are used, 
e.g., vertical down welding using cellulose- 
coated electrodes, and mechanized welding 
with protective gas, assessment of fabricabil- 
ity being the main consideration. For this pur- 
pose, a special carbon equivalent (CE) is 
calculated for these low-alloy steels [65]: 


39 


CE, % = C, g + Si. ® , Mn, % + Cu, % 


25 20 
Cr, % , Ni, ^» , Mo, Ф У, 96 
570770 ^ 15 ^ 10 
This is suitable for assessing the hardening 
tendency of the steel. To measure susceptibil- 
ity to cold cracking, the implant test is used. 


Grades of Steel. In the development of steels 
for pipelines, steels with minimum yield 
strength 420 N/mm? were produced by mi- 
croalloying normalized manganese steels with 
V and Nb. Good toughness properties were 
also obtained by a combination of grain refin- 
ing and precipitation hardening. 

The trend to higher material transport rates 
has led to increased pipeline diameters that are 
only possible with welded pipes and higher 
operating pressures. To minimize wall thick- 
ness and hence the mass of the pipeline, mate- 
rials with higher yield strengths and higher 
toughness values were developed (Figure 
2.18). 


Steels with good field weldability and min- 
imum yield strength 552 N/mm? were pro- 
duced by thermomechanical treatment of low- 
carbon, low-alloy steels (Figure 2.19) [66]. 
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Figure 2.18: Development of pipeline steels. Numerical 
values not shown on the abscissa, as measured toughness 
values depend on testing method. A = precipitation hard- 
ening, K = grain refining; P = reduction of pearlite con- 
tent; D = dislocation hardening. 
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Figure 2.20: Effect ofC and Mn content on susceptibility 
to hydrogen-induced cracking. Solution: H,S 2.5 g/L, pH 
3. 


Further improvement in these properties 
can be obtained by quenching and tempering 
to a bainitic structure with an even smaller 
grain size than that in the thermomechanically 


produced structure. A combination of thermo- 
mechanical treatment with quenching directly 
from the final rolling temperature leads to par- 
ticularly good results. For special applica- 
tions, water-quenched and tempered pipes or 
heat-treated plates for the production of pipes 
are used. 

Resistance to sour gas (hydrogen-induced 
cracking) is provided by extremely clean 
steels. The steel must be desulfurized to < 
0.003% S, and the residual sulfur must be re- 
acted to form sulfides that do not easily de- 
form into the shape of flat inclusions. This 
prevents formation of cracks by recombina- 
tion of the hydrogen (dissolved in the structure 
in atomic form) to form molecules at these in- 
clusions. Also, the formation of hard macro- 
segregations in the steel must be prevented, as 
this too can promote the fonmation of hydro- 
gen-induced cracks [67]. Reduction in carbon 
content can also reduce the segregation of 
other elements that contribute to hardening, 
e.g., manganese, and thereby reduce the ten- 


Classification of Steel and Steel Products 


dency to hydrogen-induced cracking (Figure 
2.20). 


Standards. A European standard for testing 
resistance to hydrogen-induced corrosion is in 
course of preparation. The German standard 
DIN 17172 and the United States API stan- 
dards 5 L, 5 LS, 5 LX, and 5 LU give specifi- 
cations for pipeline steels. Customers’ 
delivery conditions often give specifications 
that enable the demands of particular applica- 
tions to be met, and correspond to the current 
state of technology. 


2.3.2 Steels with Special Chemical 
Properties 


2.3.2.1 Stainless Steels 


General. Stainless steels have high resistance 
to chemically aggressive materials. They are 
used under normal environmental conditions 
(air, water), and in corrosive chemical solu- 
tions (acids, alkalis). These steels have chro- 
mium content > 12%, and can also contain 
other alloying additions of Ni, Mo, Cu, Si, Ti, 
Nb, or other elements. 

The areas of application of these steels 
range from domestic equipment, motor vehi- 
cles, and architecture, to chemical equipment, 
energy generation, marine technology, and en- 
vironmental protection. 


Properties and Testing. Steels with chro- 
mium content > 12% are passivated in the 
presence of oxygen or even such weak oxidiz- 
ing agents as water. The surface becomes cov- 
ered with a very thin, dense layer of oxide 
which restricts further electrochemical reac- 
tions and hence the dissolution of metal. Me- 
chanical damage to the passive layer heals 
very rapidly. In water and many other aggres- 
sive media, only an extremely slight, uniform 
surface corrosion of the passivated surface 
takes place, which is virtually unmeasurable. 
Under reducing conditions, e.g., in sulfuric 
and phosphoric acids, a stable passive coating 
is not formed. Even very highly alloyed stain- 
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less steels dissolve smoothly and uniformiy 
when in this active state. The temperature and 
concentration of the attacking medium there- 
fore determine the rate of dissolution of a 
stainless steel. As this process takes place at a 
constant rate, the long-term behavior can be 
determined from short-term corrosion tests. 
Corrosion rates of 0.3 mm are tolerated in 
many applications. The release of metallic 
ions into the environment or the product is 
sometimes unacceptable, e.g., in pharmaceuti- 
cal and photochemical products, food chemis- 
try, or surgical implants. 

Whereas component lifetime can be accu- 
rately estimated if surface corrosion is uni- 
form, local corrosion phenomena can lead to 
sudden unforeseen failures. This group of lo- 
cal corrosion phenomena includes pitting, 
crevice corrosion, stress corrosion cracking, 
and intercrystalline corrosion. 

Pitting of stainless steels is caused almost 
exclusively by chloride ions. These cause the 
steel to become locally active, and the active 
region is anodically dissolved. The resistance 
of stainless steels to pitting is improved by in- 
creasing the Cr, Mo, and N content (Figure 
2.21) [68]. The effectiveness of these elements 
can be expressed as the pitting resistance 
equivalent (PRE): 

PRE = Cr% + 3.3Мо% + 30N% 


The incidence of pitting also depends on other 
factors, e.g., stability of the microstructure, 
condition of the surface, flow conditions in the 
attacking medium. 
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Figure 2.21: Correlation between pitting resistance 
equivalent (PRE) and the pitting resistance of stainless 
steels. FeCl, test. 
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Crevice corrosion is closely related to pit- 
ting. It is also caused by chloride ions, and is a 
modified form of pitting (Figure 2.22). It can 
also occur in steels that are resistant to general 
pitting corrosion in the same attacking me- 
dium. Crevices between stainless steels and 
nonconductors, e.g., ceramic or plastic sealing 
materials, are especially damaging. Precau- 
tions should be taken against crevice corrosion 
at the design stage. The pitting tendency of 
stainless steel can be estimated by current den- 
sity-potential determinations, which give a 
measure of pitting resistance. Estimation of 
resistance to crevice corrosion requires long- 
term tests of samples with a simulated crevice 
(contact with a plastic disk) in the attacking 
medium. 
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Figure 2.22: Correlation between PRE and resistance to 
crevice corrosion of stainless steels. FeCl, test. 
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Figure 2.23; Effect of temperature and chloride concen- 
tration in the aqueous phase on the stress cracking resis- 
tance corrosion of U-bend specimens of 18 Cr 10 Ni steel 
in NaCl solutions. Isothermal storage of specimens with 
three-phase interface. Circles = stress crack corrosion, 
starting from pittling sites; diamonds = no stress crack 
corrosion after a test period of 1000 h. 
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Stress corrosion cracking can cause compo- 
nents to fail completely within a very short 
time, by crack formation over the entire load- 
bearing section. The condition which leads to 
stress corrosion cracking is attack by an ag- 
gressive medium combined with mechanical 
tensile stress. Media which attack austenitic 
stainless steels include chloride-containing 
and alkaline solutions. In chloride-containing 
solutions, stress corrosion cracking often 
starts at previously formed pits. Alloying ele- 
ments that improve pitting resistance also im- 
prove resistance to stress corrosion cracking in 
chloride solutions. Chloride-induced stress 
corrosion cracking can be almost completely 
controlled by high nickel content. The critical 
mechanical stress for this type of corrosion 1s 
very low (50 N/mm?) [69, 70], as is the tem- 
perature above which stress corrosion crack- 
ing can take place in aqueous chloride 
solutions (ca. 50 °C; Figure 2.23) [71]. 


Testing for susceptibility to stress corrosion 
cracking is performed on mechanically 
stressed bend or tensile test pieces simulta- 
neously subjected to the attack of the medium, 
whose composition and temperature must be 
kept constant for the duration of the test. 
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Figure 2.24: Chromium depletion near the grain bound- 
ary caused by precipitation of Cr-rich carbides at the grain 
boundary. 


In chromium-containing steels, chromium- 
rich carbides Cr,,C, are precipitated at the 
grain boundaries at moderate temperatures. 
This causes the zone adjacent to the grain 
boundaries to be depleted in chromium (Fig- 
ure 2.24) [72]. The steel then becomes sensi- 
tized to intercrystalline corrosion. This can 
take place, e.g., by stress-relief heat treatment 
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of the entire component, or in areas close to a 
weld. This selective corrosion takes place only 
in the presence of an attacking medium. It can 
be prevented by greatly reducing the carbon 
content, 1.е., to < 0.07% or even < 0.03%, or 
by bonding the carbon with Nb or Ti to form 
stable carbides. To determine resistance to in- 
tercrystalline corrosion, samples of the mate- 
rial are metallographically examined for ~rain 
boundary separation after a predetermined 
sensitization treatment, e.g., 30 min at 650 °C, 
followed by prolonged exposure to a test solu- 
tion. Solutions of CuSO,/H,SO, or HNO4/HF 
are used for these tests. The most sensitive is 
ihe Huey test in boiling HNO,, as this is sensi- 
tive not only to chromium depletion, but also 
to the precipitation of nitrides and intermetal- 
lic phases [73]. Some types of selective corro- 
sion that seldom occur with stainless steels 
include “knife-line” attack (near weld seams 
on stabilized steels) and corrosion fatigue 
[74]. 


Grades of Steel. The first classification of 
stainless steels by structure [75] was made in 
1920, and is used today in all systematic de- 
scriptions. One ofthe most well known is clas- 
sification by ће Schaeffler diagram [76], 
which describes the microstructures of weld 
materials of chromium and Cr-Ni steels (Fig- 
ure 2 25). 


ім 
с> 


Austenite 


кә 
E ud 


— 
c 


= 
кә 


Ni equivalent, Ni, % + 0.5 Мп, % + 


30(C, 6 + №, v5] ——— 


{ П 1 А 

0 6 12 13 24 30 36 
Chromium equivalent, Cr, %+15Si, % + 
0.5 Nb, %o+2Ti, % «1.4 Mo, Ya 


Figure 2.25: Effect of alloying elements on the micro- 
structure. 


43 


Ferritic Steels [77]. This group starts with 
11% Cr steels with low corrosion resistance, 
e.g., for vehicle construction and for contain- 
ers. Further steels contain ferrite, together 
with larger amounts of transformation struc- 
tures. Steels for motor vehicle catalytic ex- 
haust systems. contain 12-18% Cr. 
Dishwashers and washing machine drums 
contain 18% Cr. The corrosion resistance of 
this grade of steel can be further improved by 
the addition of 2% Mo. Further improvements 
have led to a 30% Cr, 5% Mo steel. These su- 
perferrites are produced with extremely low 
carbon and nitrogen content, and can be fur- 
ther stabilized by addition of Nb. Because of 
their very high PRE, they can be used when 
very good pitting resistance propertics are 
specified. Stabilization, i.c., bonding of all the 
carbon and nitrogen by Ti or Nb, is essential 
for all components of ferritic steels intended 
for welding, to prevent intererystalline corro- 
sion in the heat-atfected zone. 

Normal ferritic chromium steels have their 
ductile-brittle transition temperature near 
room iemperature. As they do not undergo 
transformation, when they are hot rolled in 
large sections there is a tendency to form a 
coarse-grained structure which leads to a fur- 
ther reduction in toughness. In the superfer- 
ntes, reduction of the carbon and nitrogen 
content causes the transition temperature to be 
shifted to lower temperature, and the upper 
shelf energy measured on the notched-bar 1m- 
pact specimen to be significantly improved. 
With increasing Cr and Mo content, 475 °C 
embrittlement causes the embrittlement ten- 
dency of femitic chromium steels to increase 
in the range 350-500 °C, and precipitation of 
x- and c-phases [78] causes a similar increase 
in the 500-800 °C range. This means that 
these steels are not suitable for prolonged use 
> 300 °С, and that cooling from. the final 
working temperature must be very rapid 
through this temperature range.’ With high Cr 
and Mo content, the required cooling rate can 
be achicved only with small sections. A super- 
ferrite containing 28% Cr and 2% Mo, with 
sheet thicknesses < 15 mm, can be success- 
fully worked [79]. This steel is uscd for sea- 
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water desalination plants and flue gas 
desulfurization plants. 


Martensitic Steels. Only moderate corrosion 
resistance can be achieved with martensitic 
chromium steels because customers require 
chromium content 13-17%, but it can be 
somewhat improved by adding ca. 1.5% Mo. 
Higher strength and hardness can be achieved 
with normal martensitic chromium steels with 
carbon content 0.20-1%. 

In the quenched and tempered condition, 
steel grades containing 0.20% C are used for 
steam turbine blades and other machine com- 
ponents. The higher-carbon steels are used in 
the hardened condition for cutting equipment, 
roller bearings, and components with good 
wear resistance properties. The toughness can 
be increased by stress relieving at 200- 
350 °C. 

An alternative to the quenched and tem- 
pered chromium steels with 0.20% C is pro- 
vided by the nickel-containing martensitic 
steels in which the carbon content has been re- 
duced to « 0.05%, and € 6% Ni is added as the 
austenite former. These measures lead to con- 
siderable improvements in toughness, corro- 
sion resistance, and welding properties. 

Another group of steels with even higher 
strength properties has been developed from 
these nickel-containing martensitic steels. The 
addition of Al, Cu, Nb, or Ti causes precipita- 
tion hardening, i.e., intermetallic phases, lead- 
ing to strengths of up to 1400 N/mm? in these 
maraging steels. 

The nickel-containing martensitic and ma- 
raging steels should not be used above 300 °C, 
owing to the possibility of structural changes. 


Austenitic Steels. The austenitic Cr-Ni steels 
constitule the highest proportion of stainless 
steels produced. As well as the basic grade 
containing 18% Cr and 9% Ni, a large number 
of steels with reduced carbon content and ad- 
ditions of N, Mo, Cu, Si, Ti, and Nb have been 
developed. 

The Cr-Ni steels are used for kitchen 
equipment, interior decorations, and compo- 
nents of exterior architecture that are not sub- 
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jected to severe corrosion. Austenitic Cr-Ni- 
Mo steels are preferred for greater resistance 
to pitting and crevice corrosion by aggressive 
outside atmospheres, for domestic pipework, 
and in automobile construction. Both these ba- 
Sic types of austenitic steels are widely used in 
the chemical industry. 


Austenitic steels with high proportions of 
alloying elements have been developed to im- 
prove their general corrosion resistance and to 
prevent selective corrosion. 


To prevent intercrystalline corrosion, al- 
most all austenitic grades of steel produced to- 
day have reduced carbon content and/or are 
stabilized with Ti or Nb/Ta. Pitting and crevice 
corrosion resistance are improved by increas- 
ing the Cr, Mo, and N contents (Figures 2.21 
and 2.22). Chromium content « 30% and mo- 
lybdenum content <6% are typical of state-of- 
the-art austenitic steels with good resistance to 
chloride-containing media, sulfuric acid, and 
organic acids. A Cr-Ni steel with added Si is 
particularly resistant to concentrated nitric 
acid. 


As the austenitic Cr-Ni steels have low 
yield strength (0.296 offset value ca. 200 
N/mm?), relatively large sections are needed 
for high mechanical loads. This situation can 
be improved by the addition of nitrogen, 
which causes a very large increase in the yield 
strength of austenitic Cr-Ni steels (Figure 
2.26) [80]. Melting or electroslag remelting 
under pressure gives considerably higher ni- 
trogen content than can be achieved by melt- 
ing under atmospheric pressure, i.e., 
maximum 0.4% N. Nitrogen improves both 
the yield strength and the austenite stability. 
Precipitation of carbides and intermetallic 
compounds such as x-, с-, and Laves-phases 
is shifted to longer annealing times by nitro- 
gen, so that the working of Cr- and Mo-con- 
taining steels is facilitated. Under long-term 
exposure at high temperature embrittlement 
must be guarded against. Sensitization to in- 
tercrystalline corrosion by prolonged opera- 
tion at high temperature must be borne in mind 
if periods of operation under wet corrosion 
conditions are expected. 
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Figure 2.26: Effect of nitrogen content on the 0.2% offset 
yield strength К, of nitrogen-alloyed austenitic steels at 
room temperature. 
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Figure 2.27: Critical pitting temperature of stainless 
steels in the solution-annealed condition and after autoge- 
nous gas tungsten arc welding (GTAW) without filler. 


When welding austenitic steels with high 
Mo content, segregation and precipitation in 
the weld and heat-affected zone can take 
place, with a reduction in corrosion resistance. 
This effect becomes more significant at higher 
Mo content (Figure 2.27) [68, 81]. If part of 
the Mo is replaced by Cr and N, the welded 
joint has a slightly reduced corrosion resis- 
tance for the same PRE. 


Ferritic-Austenitic Steels. The importance 
of the ferritic-austenitic steels has increased 
considerably in recent years because of their 
spectrum of useful properties [82]. Their com- 
position range, 1.е., > 20% Cr, 5-8% Ni, and < 
3% Mo, leads to a mixed structure of austenite 
and ferrite. This enables 0.2% offset yield 
strength > 450 N/mm? to be achieved at room 
temperature. 
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The higher PRE compared with standard 
austenitic steels gives this type of steel a con- 
siderably better resistance to chloride-in- 
duced selective corrosion. Their general 
corrosion resistance is maximized by adhering 
to certain ratios of austenite to ferrite, so the 
achievement of this structural state is mainly 
determined by the ratio of ferrite formers to 
austenite formers (Figure 2.25). These steels 
also have added nitrogen. This has an austen- 
ite-forming action, increases the PRE, and de- 
creases the precipitation of o-phases that lead 
to embrittlement. When specifying possible 
operating temperatures, the possibility of 
475 °C embrittlement must also be borne in 
mind. This limits the highest operating tem- 
perature to 280 °C. 


The composition of the welding material 
must be such that the cooling process after 
welding gives a ferrite/austenite ratio corre- 
sponding to that of the base material. 


The ferritic~austenitic steels have a lower 
thermal expansion and a better thermal con- 
ductivity than the austenitic steels. 


The ferritic-austenitic grades of steel are 
used in seawater desalination plants, sour gas 
pipelines, and especially where their good re- 
sistance to stress corrosion cracking and cor- 
rosion fatigue is important, е.р., in chemical 
and petrochemical industries, especially if the 
components concemed are in motion. 


Standards. A list of standard grades of stain- 
less steel is planned for the European stan- 
dards. The European standards EN 10028-5 
specify stainless steels for plate and strip for 
pressure vessels; EN 10088-1 gives delivery 
requirements for plate and strip for general 
use; EN 10088-2 for rod material for general 
use; EN 10088-3 for flat products for pressure 
vessels, ЕМ 10222-5 for forgings; and EN 
10213-4 for steel castings. Standards for stain- 
less steel tubes are also planned. 


The following specifications for stainless 
steels are given in United States standards; for 
sheets, ASTM A 167, A 176, A 240; for seam- 
less tubes, ASTM A 213, A 268, A 269, A 
270, A271, A312, A336, А511; for welded 
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tubes, ASTM A 249, A 268, A 269, A 270, A 
312, A 409; for forgings, ASTM A 403. 


2.3.2.2 Heat-Resistant Steels 


General. Heat-resistant steels have good re- 
sistance to high-temperature corrosion, espe- 
cially by hot gases, ash constituents, and 
molten salts and metals at temperatures > 
550 °C. As well as chemical resistance, these 
steels must also have the necessary mechani- 
cal load-bearing properties at high tempera- 
ture, and must be unaffected by temperature 
changes. For prolonged use at high tempera- 
ture, the microstructure must remain stable, 
and embrittlement should not occur. 


Properties and Testing. The rate of scale for- 
mation (oxidation rate) on plain carbon steel 
increases with temperature. This rate can be 
significantly reduced by alloying with Cr, Al, 
and Si. The oxidation products of these ele- 
ments form protective layers which restrict 
oxidation processes at the metal surface. Re- 
sistance to scaling increases with increasing 
proportions of the elements that form protec- 
tive layers. Small additions of Ce, Hf, or Y in- 
crease adhesion of the oxide layer to the metal 
surface. 


The scaling resistance of a steel is mea- 
sured by gravimetric determination of the 
weight loss due to scaling of test pieces after 
long periods at high temperature. Adhesion of 
the oxide layer can be assessed by cooling the 
samples a number of times during the test 
(Figure 2.28). Components made of these 
types of steel are usually used not only in air, 
but also in atmospheres with other partial 
pressures of oxygen, possibly also containing 
reactive gaseous, solid, or liquid components. 
Testing should be carried out in these atmo- 
spheres in such cases. 


The tests can simulate actual operating con- 
ditions. For example, alloys for heating ele- 
ments are very rapidly heated to the testing 
temperature by an electric current, and are 
then subjected to many more temperature 
changes. The mechanical stresses thus ap- 
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plied to the scale resemble those in a real situ- 
ation. 
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Figure 2.28: Mass changes on thermal cycling. Solid 
lines = Fe-Ni-Cr steel + Ce, dashed lines = Fe-Ni-Cr 
steels + Si. 

As well as hot corrosion tests, high-temper- 
ature long-term testing is also carried out in 
order to obtain mechanical parameters for de- 
sign purposes. Recently, these tests have 
sometimes been carried out in aggressive gas 
mixtures, with very sophisticated equipment. 
Toughness tests are also carried out after long- 
term exposure to high temperatures to deter- 
mine the embrittlement tendency of these 
steels. The ferritic chromium steels containing 
> 13% Cr tend to undergo 475 °C embrittle- 
ment within the range 300-550 °C [83], and 
o-phase embrittlement in the range 600- 
800 °C [84]. At higher operating temperature, 
existing precipitates redissolve, reversing the 
effects of embrittlement. In many cases, em- 
brittlement does not affect operating behav- 
ior, as shown by experiments on valve steels 
[85]. However, embrittlement caused by ser- 
vice exposure of components must be taken 
into consideration when making repairs. 

For valve steels, determination of fatigue 
limits at high temperature and an engine test 
for the qualification are important. 


Ferritic Steels. If the specifications for me- 
chanical load-bearing capacity are not too 
high, high-temperature corrosion resistance 
can often be obtained by the use of ferritic 
chromium steels. These contain 12-25% Cr 
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with additions of Al and Si. As they do not 
contain nickel, these steels are stable in neutral 
and oxidizing atmospheres, even ifthese have 
sulfur-containing components. However, they 
are significantly less resistant to reducing 
H,S-containing atmospheres [86, 87]. If re- 
ducing gases such as CO or hydrocarbons are 
present, carburization of ferritic steels can oc- 
cur at operating temperatures > 500 °C. This 
carbon can then combine with a significant 
portion of the active chromium content, lead- 
ing to a considerable decrease in scaling resis- 
tance. In gases rich in nitrogen or ammonia, 
scaling resistance can be reduced by combina- 
tion of the nitrogen with the active Al to form 
AIN, especially if there is damage to the scale 
layer. 


Whereas the usual heat-resistant chromium 
steels, which contain additions of < 2% Si and 
Al, form a protective layer consisting mainly 
of chromium spinels at high temperatures, 
chromium steels with aluminum content > 4% 
form a dense protective layer of А1,О; which 
gives them even better scaling resistance. As 
these steels have high electrical resistance, 
they are especially suitable for use in heating 
elements. The low variation in electrical resis- 
tivity with temperature of these steels is also 
an advantage when they are used as high-tem- 
perature conductors. The higher aluminum 
content also improves their resistance to sul- 
fur-containing gases and suppresses precipita- 
tion of the o-phase, a cause of embrittlement 
(Figure 2.29) [84]. In these steels, an Al con- 
tent of 6% should not be exceeded at 15-25% 
Cr to prevent the formation of a coarse- 
grained structure. 


Steels used in the valves of intemal com- 
bustion engines, which operate at ca. 550 °C, 
should have high hot strength and good hot 
corrosion resistance. They are therefore 
quenched and tempered steels with chromium 
content 9-18%, and also sometimes contain 
higher levels of Si and additions of the special 
carbide formers Mo, W, and V to improve hot 
strength and hot wear resistance properties. 
These steels are oil quenched and tempered to 
a strength of 900-1100 N/mm”. Their struc- 
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ture consists of tempered martensite with in- 
cluded carbides. 
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Figure 2.29: Effect of silicon and aluminum on the time 
for onset of s-phase formation at 600 ?C in steels contain- 
ing ca. 24% and ca. 30% Cr. Triangles = Al; circles = Si. 


Austenitic Steels. If higher mechanical 
stresses are to be expected, heat-resistant aus- 
tenitic Cr-Ni steels, Ni-Cr alloys, or Co-Cr- 
Fe alloys are used. These steels, too, mainly 
rely on chromium to give oxidation resistance, 
chromium content being 18-27%. Silicon, an- 
other ferrite former, can be added at < 2.5%. 
To maintain a fully austenitic structure with 
this high level of ferrite formers, nickel con- 
tent is 10-36%. This prevents the formation of 
ö-ferrite, which under exposure to high tem- 
perature would accelerate the precipitation of 
the a-phase, which causes brittleness. The 
austenitic steels have a lower tendency to em- 
brittlement then the ferntic steels, and steels 
with > 30% Ni are in any case not likely to be 
affected by o-phase precipitation. 


Unlike ferritic steels at room temperature, 
austenitic steels have very good toughness 
properties and good deformability. Their resis- 
tance to carburizing and nitriding atmospheres 
is also significantly better. Steels containing > 
30% Ni or > 2% Si are particularly stable in 
carburizing gases (Figure 2.30) [88]. A layer 
of SiO, forms under the chromium spinel pro- 
tective layer, directly in contact with the me- 
{айс surface. This strongly inhibits 
carburization. Nickel-chromium alloys have 
the highest resistance to carburization and ni- 
tridation [89]. The diffusion and solubility of 
carbon and nitrogen decrease with increasing 
nickel content. 
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Figure 2.30: Carburization at 950 °C after 500 h in H,, 10 
L/h + town gas 10 L/h. Carbon analysis values at various 
depths. 

If the heat-resistant steels contain small 
amounts of elements that are more easily oxi- 
dized than chromium, e.g., Al, Ti, or Si, inter- 
nal oxidation of these elements can take place 
under the interface between the scale and the 
steel [90]. The effectiveness of these elements 
for improving scaling resistance or hot 
strength is reduced, and the load-bearing sec- 
tion is weakened. 

If the content of these elements is so in- 
creased that a dense continuous layer of the 
oxide is formed, the solubility of the oxygen 
that diffuses into the metallic material is lim- 
ited by its equilibrium concentration in the ox- 
ide layer. Because of the decrease in the 
concentration of oxygen from the interface re- 
gion to the interior of the material, internal ox- 
idation can take place only of those elements 
that are more easily oxidized than the scale- 
forming elements. The formation of a protec- 
tive scale requires the presence of > 4% Al or 
>2% Si. 

Attack by reducing sulfur-containing gases 
can cause damage by internal sulfidation in 
these high-nickel steels, as shown in the Pour- 
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baix-Ellingham diagram (Figure 2.31) [91]. 
Liquid nickel sulfide is formed at > 650 °C in 
and under the oxide layer, which loses its pro- 
tective action. 
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Figure 2.31: Stability diagram for some alloying ele- 
ments and the service conditions for high- and low-sulfur 
coke. 

Chromium-nickel steels containing > 30% 
Ni and 20% Cr, and nickel alloys containing 
20% Cr are used as austenitic electrical resis- 
tance alloys. Their resistance is lower than that 
of fernitic electrical resistance alloys. Their 
higher hot strength can be an advantage for 
various applications in this area. However, 
they cannot be used at the high temperatures 
of the ferritic electrical resistance steels, as 
their scaling resistance temperature does not 
exceed 1200 °C. 


Because of their high hot strength, austen- 
itic valve steels are used at material tempera- 
tures of 900 °C. This means that they can be 
exposed to the severe conditions under which 
exhaust valves operate. Here, they are sub- 
jected to the strongly corrosive effects of the 
products of the combustion of the fuel and its 
additives [85]. The products of the oxidation 
of the organic sulfur and vanadium com- 
pounds in diesel fuel also contribute to the cor- 
rosive attack on exhaust valves. The liquid 
combustion residues in particular reduce the 
scaling resistance, while the solids can cause 
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wear of the valve faces. The latter are often 
provided with cladding to improve the lifetime 
of the valves. Austenitic valve steels contain 
0.60% C and 0.45% N to increase the hot 
strength. As well as the 20% chromium, Mo, 
V, and W are added as special carbide and ni- 
tride formers. Manganese content < 10% and 
nickel content < 20% ensure that an austenitic 
microstructure is formed. Precipitation hard- 
ening, which also takes place during operation 
of the valve in the engine, leads to the required 
strength properties, including fatigue resis- 
tance, at the high operating temperatures. 


Standards. The German Stahl-Eisen-Werk- 
stoffblatt 470 gives specifications for heat-re- 
sistant steels. Electrical resistance alloys are 
described in DIN 17470, and valve materials 
in DIN 17480. 


2.3.2.3 Steels for Hydrogen 
Service at Elevated Temperatures 
and Pressures 


General. In high-pressure syntheses, oil refin- 
ing, and other high-pressure technologies, hy- 
drogen at high pressure and temperature can 
have an effect on constructional material. 
These materials must be resistant to attack by 
H, under the operating conditions, and must 
have sufficient hot strength to be stable under 
the high mechanical loads. 


Properties and Testing. At metallic surfaces, 
H, molecules at high pressure can be split up 
into H atoms which can then penetrate into the 
metallic lattice. At > 200 °C, this atomic hy- 
drogen can react with Fe,C in the steel struc- 
ture to form CH, The steel is thus 
decarburized where the reaction occurs and 
consequently loses its strength. The CH, 
formed cannot diffuse through the metallic lat- 
tice, and collects at the grain boundaries and 
inclusions. There, the CH, and the recombined 
Н, molecules give rise to high pressures which 
can destroy the material by crack formation 
[92]. Remedial measures can be taken by 
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bonding the C to form stable carbides, e.g., 
with the alloying elements Cr, Mo, V, W, Ti, 
Nb, and Zr. With increasing levels of these el- 
ements, i.e., with decreasing Fe content of the 
mixed carbides formed, the temperature range 
within which the steels are stable to the high- 
pressure hydrogen is shifted upward. The crit- 
ical temperature for the various steels has been 
determined by comprehensive and very costly 
autoclave experiments with H, [93]. A sum- 
mary of operating experience of several de- 
cades was first produced by Nelson [94] in the 
form of a resistance diagram (Figure 2.32), 
which is continually updated, and gives infor- 
mation for choosing suitable materials for 
known operating temperatures and hydrogen 
partial pressures [95]. The continuous lines in 
the diagram show the limit of resistance for 
the various steel compositions, i.e., for which 
higher temperatures or pressures would lead to 
internal damage by the high-pressure hydro- 
gen. For the dashed lines, internal damage 
does not occur, though the use of these steels 
is limited by surface decarburization. 


As with high-temperature steels, the hydro- 
gen-resistant steels are also tested at high tem- 
perature by hot tensile measurements and by 
creep tests to establish the data used in design 
calculations. The scaling resistance in air or 
sulfur-containing gases, depending on the ap- 
plication, can also be important in the choice 
of steel. 


Grades of Steel. With wall temperatures 200— 
400 °C, steels containing 0.5-1% Mo and < 
3.3% Cr are used in hydrogenation plants. For 
resistance to higher hydrogen pressures, steels 
containing 5-996 Cr and 0.5-1% Mo are 
available, these being mainly used in oil refin- 
eries. If high values of creep rupture strength 
are required in the range 550-600 °C, 12% Cr 
steel containing Mo and V, a material com- 
monly used in the construction of power sta- 
tions, can be used. Steels with higher 
chromium content also have better resistance 
to corrosion by sulfur-containing substances. 
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Figure 2.32: Limiting conditions for the stability of steels in high-pressure hydrogen (Nelson diagram). 


If the hydrogen contains N, and NH,, as in 
the high-pressure synthesis of ammonia, nitri- 
dation of the steel at > 400 °C is likely. This 
produces hard, brittle nitride layers on the sur- 
face, and these readily spall off, reducing the 
cross section of the component. Ferritic steels 
cannot be used under the conditions of metha- 
nol synthesis, as the CO in the gas forms car- 
bonyls at 120-300 °C, leading to the removal 
of material; the steel must be clad with austen- 
itic Cr-Ni steel or copper to minimize material 
loss. 


Heat treatment of these steels should ensure 
the precipitation of stable carbides to optimize 
stability to high-pressure hydrogen, i.e., high 
tempering temperatures and long soaking 
times. High strengths should be avoided. 
These procedures should also be used when 
heat treating welded components. Formerly, 
austenitic welds without subsequent heat 
treatment led to massive hydrogen damage in 
the weld-affected zones. Rapid cooling of the 
hot weld caused the formation of unstable 
higher Fe-containing carbides. This kind of 
damage does not occur if the weld material is 
identical to the material of construction, en- 
abling subsequent heat treatment to be carried 
out. The best high-pressure hydrogen resis- 
tance is secured if the welded component is re- 
heat-treated. 


Components made from these grades of 
steel are often very thick-walled, as operating 
pressures are very high (up to 100 MPa), so it 
is important to achieve uniform through-hard- 


ening with a uniform microstructure and a 
high degree of purity. This maximizes resis- 
tance to hydrogen embrittlement. 

Austenitic Cr-Ni steels have very high re- 
sistance to hydrogen embrittlement because of 
their high chromium content and the possible 
presence of other carbide-forming alloying el- 
ements, e.g., Mo, V, Ti, and Nb. They also 
have good corrosion resistance to other mate- 
rials in the reaction gas, such as H,S at 650 °C. 
In NH,-containing gases, a thin, dense nitride 
protective layer is formed on austenitic Cr-Ni 
steels [96]. 


Standards. Specifications for steels resistant 
to hydrogen embrittlement are given in the 
German Stahl-Eisen-Werkstoffblatt 590, and 
for cast steel resistant to hydrogen embrittele- 
ment in Stahl-Eisen-Werkstoffblatt 595. 

United States standards inlcude: ASTM A 
200 for seamless tubes of medium-alloy steels 
for refineries, ASTM A 213 for seamless 
tubes of ferritic and austenitic steels; ASTM A 
335 for seamless tubes of ferritic steels for 
high-temperature use; and ASTM A 336 for 
forgings of ferritic and austenitic steels for 
pressure vessels. 


2.3.3 Steels with Special Physical 
Properties 

In steels that have been developed simply 
so that certain physical properties can be uti- 


lized, mechanical properties are frequently un- 
important. This does not apply to any other 
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classes of steel. The soft magnetic steels are 
by far the most important members of this spe- 
cial group, not only from the tonnage aspect. 
Nonmagnetizable steels and steels with good 
electrical conductivity also play an important 
part in the economy. In steels with defined 
thermal expansion and special elasticity char- 
acteristics, the iron content is only ca. 50%, 
exceptionally reaching 70 or 80% [97]. In per- 
manent magnets, the iron content is important, 
but most of these materials are not strictly 
steel products [98]. 

The highly developed techniques for mea- 
suring all the important physical properties 
cannot be treated within the scope of this arti- 
cle. 


2.3.3.1 Soft Magnetic Steels [99] 
General. Traditionally, all materials that have 
coercivities of less than 1000 A/m are classi- 
fied as soft magnetic. The International Elec- 
trical Commission (IEC) has proposed the 
following classification of soft magnetic ma- 
terials: 


A pure iron 

low-carbon steel 
silicon steel 

other steels 
nickel-iron alloy 
cobalt-iron alloy 

other alloys 

soft magnetic ceramics 


momuugougou 


Materials B-D are described below. 


Low-Carbon Steel/Soft Iron. The term soft 
iron describes steels produced economically 
in normal steel production processes, contain- 
ing a minimum of impurities, and only small 
additions of certain elements. Soft iron is pro- 
duced in almost all product shapes for applica- 
tions which require the production, 
amplification, or shielding of constant mag- 
netic fields. 

The various applications of soft iron re- 
quire the following properties: ease of magne- 
tization to high values, high saturation 
polarization, high maximum permeability, and 
low coercivity. The magnetic properties must 
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change only insignificantly in the course of 
the working life of the component. If low core 
(power) losses are also required, the eddy cur- 
rents associated with the good electrical con- 
ductivity must be taken into account. 

For good soft magnetic properties, it is im- 
portant that the iron should have an undis- 
turbed ferritic microstructure and a large grain 
size. Precipitates caused by carbon or nitrogen 
and inclusions caused by oxygen and sulfur 
disturb the microstructure. Levels of these ele- 
ments must therefore be minimized. The size 
of the precipitated particles becomes impor- 
tant if their diameter is comparable with the 
diameter of a Bloch wall (Figure 2.33) [100]. 
The chemical bonding of the oxygen (deoxi- 
dation), sulfur, and nitrogen is carried out by 
adding small amounts of manganese and alu- 
minum, which do not harm the magnetic prop- 
erties. It is especially important to react any 
residual nitrogen with aluminum to prevent 
magnetic aging. As the grain size also has a 
great influence on the coercivity (Figure 2.34) 
[101], steps must be taken during further pro- 
cessing and heat treatment to produce a coarse 
grain. 
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Figure 2.33: Coercivity as a function of average diameter 
of the precipitates in iron with 0.02% C at constant vol- 
ume fraction of the precipitates [100}. 

An important application for soft iron is in 
the production of a wide variety of relays. 
Cold- or hot-rolled strip, merchant bar, wire, 
forgings, and castings can be used for this pur- 
pose. Heavy forgings, e.g., for accelerator 
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magnets (up to 100 t) in large-scale research 
installations, are also produced in soft iron. 
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Figure 2.34: Coercivity as a function of average surface 
area of the grains for "pure" iron with 0.02% C and 0.07% 
Si [101]. 


Electric Sheets. Electric sheets are mostly 
thinner than 0.65 mm, and are unalloyed or 
contain up to 4% silicon. They are used in the 
construction of magnetic cores consisting of 
fine laminations in electrical equipment, e.g., 
motors, generators, transformers. 


Electric sheets are produced almost entirely 
as cold-rolled strip manufactured on a large 
scale, and are usually coated on one or both 
sides with a thin layer of insulating material. 
Electric sheets must be easily magnetizable, 
and must have a low power loss on cyclic 
magnetization. Other requirements for further 
processing include good punching properties, 
a high specification for flatness, and a narrow 
thickness tolerance. 


For small machines, unalloyed steel with 
low polarization is often sufficient, as the 
power losses and heat generation due to eddy 
currents in the core do not cause problems. At 
higher powers, the problems intensify, and the 
power loss becomes very important. Increas- 
ing silicon content increases electrical resis- 
tance and decreases power loss. Another 
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approach to the problem is to reduce the thick- 
ness of the sheet. 

The economic pressure for reduction in 
power losses led, in the 1940s, to the industrial 
production of the so-called Goss texture (cube 
on edge texture) [102], in cold-rolled electric 
sheets. In the Goss texture, the crystals in the 
microstructure are oriented such that the more 
easily magnetizable edge of the cube (100) is 
in the rolling direction, and the normal to the 
rolling direction in the plane of the sheet coin- 
cides with a face diagonal (110) of the cubic 
unit cell (Figure 2.35) [103]. 
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Rolling direction 


Figure 2.35: Positions of unit cubes in the crystal struc- 
ture [103]: A) Goss texture, B) Cube texture, 

This development of the first grain-oriented 
electric sheet, with thickness 0.35 mm, re- 
sulted in greatly reduced power losses in 
transformers [104]. In rotary machines, this 
type of sheet is of limited application, and 
nonoriented electric sheets are nearly always 
used. 

The silicon content is limited to ca. 3.5% 
for the benefit of the cold rollability. In non- 
oriented electric sheets, an aluminum content 
of a few tenths of a percent completes the ef- 
fect of the silicon. In grain-oriented electric 
sheets, this effect cannot be utilized, as the 
conditions for producing the texture require 
very close control of the chemical composi- 
tion of the steel with respect to all elements. 

Attempts to develop grain-oriented electric 
sheets with cube texture did not led to satisfac- 
tory and economically justifiable results. Fur- 
ther developments of regular grain oriented 
(RGO) electric sheet with Goss texture in the 
last 20 years have led to major improvements 
in the energy efficiency of power transform- 
ers. A first step was reduction of the sheet 
thickness to 0.30 mm and later to 0.27 mm. 
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The next step was the development of high 
permeability grain-oriented (HGO) silicon 
steel by changing the chemical composition of 
the steel to improve the degree of orientation 
and by using an insulating coating (see Figure 
2.36) [105, 106]. Further decreases in trans- 
former power losses have been achieved by la- 
ser treatment of the sheet surface to refine the 
domains [107], and a further reduction of the 
sheet thickness to 0.23 mm. However the costs 
of the surface treatment and of producing the 
0.23-mm product are high. Further develop- 
ments on nonoriented and on grain-oriented 
electric steel sheet promise further energy sav- 
ings. 
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Figure 2.36: Relationship between specific power loss 
and sheet thickness [106]. RGO = regular grain oriented; 
HGO = high-permeability grain oriented. 


2.3.3.2 Other Steels with Special 
Physical Properties 


Steels with soft magnetic properties are 
also required to operate in situations where 
mechanical stresses are also present, e.g., gen- 
erator shafts or steel sheet in laminated pole 
pieces. The properties of these steels, which 
depend on their chemical composition and mi- 
crostructure, represent a compromise between 
opposing requirements. 
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Nomnagnetizable Steels [108]. These have a 
stable austenitic structure, i.e., there must be 
no y-a transformation or martensite forma- 
tion, even at low temperatures or after cold 
forming [109]. These steels are used to pre- 
vent harmful interactions with the magnetic 
field of the environment, e.g., in inductor 
cover rings on generator shafts, in the struc- 
tures of ships in the vicinity ofthe compass, in 
equipment for low-temperature physics re- 
search, and in many other arcas. These steels 
are often required to have good mechanical 
and anticorrosion properties. 

The addition of a high proportion of man- 
ganese (ca. 18%) is the simplest method, if the 
steel is not to be used appreciably below room 
temperature [110]. However, in most cases, 
high-alloy chromium and Cr-Ni steels are 
necessary. These often contain added nitrogen 
(ca. 0.5%) to ensure that specifications are 
met. 


Steels with Good Electrical Conductivity 
[111]. These are required for the conductor 
rails of electric railways, for telephone and 
telegraph wires, and for other current-carrying 
applications in high- and low-current technol- 
ogy. They are used for reasons of strength and 
sometimes cost in preference to materials with 
higher conductivity, e.g., copper and alumi- 
num. 

It is important to maintain low levels of im- 
purity elements, including carbon and silicon 
[112]. This must be bome in mind when se- 
lecting the raw materials to be used in steel 
production. 


2.3.4 Steels with Special 
Processing Properties 


When choosing a material for the manufac- 
ture of a particular component, the properties 
of the material that are important for the use of 
the component, the price, and the costs for 
manufacturing the finished component from 
this material are decisive. Most of the proper- 
ties of steel as a construction material, and the 
extent to which it is possible to match these to 
the requirements, have been described in de- 
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tail in previous sections. In the following sec- 
tion, groups of steel grades are described for 
which the mechanical properties are not the 
only properties of prime importance. They 
have been extensively developed to facilitate 
the manufacture of components by cold form- 
ing or machining, and to make these processes 
more convenient and cost effective. 


2.3.4.1 Steels for Flat Products for 
Cold Forming [113] 


General. Thin flat products, up to ca. 16 mm 
thick, especially suitable for cold forming, 
represent by far the greatest proportion of 
rolled steel products. These are mainly manu- 
factured in the form of hot- or cold-rolled 
strip, with or without metallic or organic coat- 
ings and EN 10079), but also to a small extent 
as plate. Improvements in the grades of steel 
with good cold forming properties in these 
product shapes have led to great improve- 
ments in design, production, and manufactur- 
ing costs, especially in vehicle construction. 
These developments include not only mild 
steels, but also steels with tensile strength of 
up to 600 N/mm”, the latter being associated 
with developments in forming techniques and 
die design (Figure 2.37) [114]. In the interests 
of the style and safety of the autobody, com- 
plicated shapes can be produced from steel 
sheets without problems. Weight savings can 
be achieved by using high-strength grades of 
steel sheet with good formability [115]. Cold- 
formed parts made from thin flat products, 
welded to components have replaced forgings, 
e.g., for suspension systems, and in commer- 
cial vehicle construction. 

Corrosion problems in the automotive in- 
dustry have practically been eliminated by 
galvanized steel sheet with good cold form- 
ability, following the development of suitable 
painting and welding processes for these 
sheets [116]. 


The cold forming properties of steel depend 
on its microstructure. However, the cold form- 
ing of flat products is very different from cold 
extrusion and cold heading of massive prod- 
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ucts. In bending and folding operations yield- 
ing of the material is easy to control- tearing 
must be avoided. In deep drawing and stretch 
forming stress conditions are considerably 
more complex. Actual stampings usually ex- 
hibit a combination of deep drawing and 
stretch forming. 


1 Die/sheet material 
Forming load 
Strain path 
Friction (surface of 
sheet /die, lubrication) 


characteristics 


П Sheet material/press 
f (speed) 
fitemperature) 


Ш Die/press 
Total stiffness 
(vertical /horizontal) 
Punch movement 


Figure 2.37: Factors influencing the result of a forming 
process. 


Properties and Their Measurement. For 
deep drawing steel sheet, the most important 
properties for quality control are those deter- 
mined from tensile tests, 1.с., yield strength, 
tensile strength, and percentage elongation af- 
ter fracture. In contrast to all other steel 
groups, the maximum allowable values of 
yield strength and tensile strength are impor- 
tant in this case. Whether minimum values 
should be quoted in the specification, as a ba- 
sis for calculation by the designer, is in dis- 
pute, because cold forming leads to 
considerable work hardening in the finished 
stamping. 

In the last 20 years, two parameters have 
become of increasing interest, both deter- 
mined by tensile tests: the normal anisotropic 
or plastic strain ratio (r value) and the work 
hardening exponent (п value) [117, 118]. Ther 
value is the ratio of the change in width to the 
change in thickness of a tensile test specimen 
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deformed by stretching, and is an expression 
of the relative tendency of the metal to yield in 
the width direction (ғ » 1) or in the thickness 
direction (r « 1) [119]. If during deep drawing, 
the material becomes thinner, the load-bearing 
cross section is reduced, and the drawing 
stress that can be applied without tearing is 
limited. The r values for deep drawing should 
be as high as possible. 

Different r values in the sheet plane at vari- 
ous angles to the rolling direction (i.e., the pla- 
nar anisotropy Ar) are responsible for the 
occurrence of “earing” during pure deep draw- 
ing. The best conditions for avoiding this are 
provided when Ar = 0. The anisotropic proper- 
ties of the steel sheet are a result of the hot 
rolling conditions and the annealing practice 
of the cold-rolled strip, producing the desired 
texture in the microstructure. 

The work hardening exponent (n value) is 
determined from the true stress-true strain 
curve, and is given by the slope of this curve in 
log-log coordinates. The п value indicates the 
degree to which the material can withstand a 
higher stress after a given deformation than 
was possible in the starting condition. This 
work hardening of the deformation zone dur- 
ing stretch forming has the effect that the adja- 
cent zone of even lower strength is included in 
the stretching process and necking is avoided. 
The ғ and n values are useful for the further 
development of steel grades, and can also be 
an aid in deformation analysis of difficult new 
deep-drawn items, using the grid measuring 
technique [120]. 

Tests that simulate forming operations, e.g., 
the cupping test for deep drawing or the bulge 
test for stretch forming, are now of little im- 
portance [121], but procedures such as the 
bending or double folding test (handkerchief 
test) are widely used for on-line monitoring. 
The adhesion and formability of corrosion-re- 
sistant coating s are tested by the ball impact 
test, or by forming profiles with various de- 
grees of edge sharpness (lock forming test). 

The surface condition of the steel sheet 
(produced by hot rolling, cold rolling, or sur- 
face coating) and the surface finish (smooth, 
matt, or rough) are of great importance for the 
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forming process. To meet the customer's re- 
quirements, the cold-rolled sheet can be given 
a defined surface roughness, which is mea- 
sured by contact stylus instruments. 


Steel Grades and Product Shapes. The cold 
formability of flat products depends on the mi- 
crostructure, which is determined by the 
chemical composition, the rolling technique, 
and the heat treatment. A discussion of steel 
grades must therefore be linked with the shape 
of the product. The most important steel prod- 
uct used is cold-rolled sheet, with or without 
coatings. Today, this is only produced from 
hot-rolled wide strip, nearly all produced from 
continuously cast material. With very few ex- 
ceptions, only fully killed steel (by Al) is used. 
Up to 20 years ago, rimming steel was widely 
used in sheet production, as a defect-free sur- 
face and a higher yield was more easily 
achieved with this steel type at ingot casting. 
Rimming steel is still used if there is a short- 
age of strand casting capacity. 

Unalloyed mild steels, with carbon content 
« 0.1%, have the best cold formability as cold- 
rolled sheet. The specifications in EN 10130 
describe a series of five sheet grades with 
graded cold formability, improving as the tol- 
erances in chemical composition are tightened 
and the specifications of the properties are in- 
creased. The fifth grade (Fe P 06), which has 
the highest cold formability, is a so-called IF 
steel (interstitial-free), with a very low carbon 
content (< 0.02%), in which the carbon and ni- 
trogen are all combined with Aland Ti (or Nb) 
[119]. This steel sheet grade shows no yield 
point elongation in the stress strain curve after 
annealing. With the other sheet grades, the 
yield point elongation is removed by a final 
skin pass rolling (temper pass), to prevent the 
formation of Lüders lines in the surface after 
cold forming. 

The same grades of steel are used for hot- 
rolled sheet and strip for direct use (EN 10111) 
and for surface-coated cold-rolled strip (e.g., 
galvanized steel sheet, EN 10142) [122]. The 
microstructure produced by hot strip rolling 
docs not give quite the same cold formability. 
The properties of coated cold-rolled strip 1s in- 
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fluenced by various heat treatments, but cold 
formability is practically equivalent to cold- 
rolled strip. Attention must be paid to the ef- 
fects of the various coatings on the friction be- 
havior in the drawing gap. 


To save weight in vehicle construction and 
in other areas, e.g., in the building industry, 
grades of steel have been developed for 
higher-strength thin flat products which still 
have good cold forming properties. 


Cold-rolled sheet, strip, and thin plate made 
of general-purpose structural steels with high 
strength due to the carbon content have poor 
cold forming properties because of the pearlite 
in the microstructure. The technique of in- 
creasing yield strength by cold rerolling, 
which increases the dislocation density, im- 
pairs the cold forming properties to an unac- 
ceptable extent. The introduction of 
microalloying with Nb, Ti, and V in the early 
1960s, giving precipitation-hardened prod- 
ucts with greatly reduced carbon content, led 
to the development of a wide range of high- 
strength grades of steel with good cold form- 
ing properties. 

These grades of steel have only small dif- 
ferences in their chemical composition, and 
are used for cold- and hot-rolled flat products 
(EN 10149). The hot-rolled flat products are 
usually produced by a thermomechanical pro- 
cess, which can be followed by normalizing if 
required [123]. These steels are now referred 
to as high-strength low-alloy (HSLA) or low- 
pearlite steels, and are widely used, especially 
in the automotive industry [124]. 


Other methods of improving strength prop- 
erties without appreciable affecting the cold 
formability include solid solution hardening, 
e.g., by increasing the phosphorus content, 
and the so-called dual-phase steels, in which a 
pure ferritic matrix structure containing 20- 
30% dispersed martensite islands is formed 
[125]. 

The so-called bake-hardening steels are of 
particular interest for automotive production 
[126]. These include cold-rolled uncoated or 
electrolytically coated sheet, which have low 
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yield strengths and are age-resistant at room 
temperature as supplied. After press forming, 
followed by the paint-baking heat treatment (a 
controlled aging), the yield strength R, in- 
creases from ca. 30 to 50 N/mm? (Figure 2.38) 
[127]. 
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Figure 2.38: Mechanism of the increase in yield strength 
of a tensile test piece following deformation and heating 
(bake-hardening). 


Figure 2.39 gives an overview of the vari- 
ous grades of steel for cold-rolled sheet, and 
includes the properties associated with cold 
formability and strength [128]. 


2.3.4.2 Steels Suitable for Cold 
Extrusion and Cold Heading [129] 


General. In the cold forming of flat products, 
the starting material is pressed to form a hol- 
low product or a profile, thereby increasing its 
surface area. However, in cold extrusion, the 
starting material, extending into three dimen- 
sions, is forced by pressure to yield in all di- 
rections. The drawing of wire, rod, and tubes 
also falls under this classification. 


Classification of Steel and Steel Products 


60 


£ 
O 


Elso 3 “---- 
кә 
с 


Yield strength, MPa ——» 


200 100 600 800 7200 


57 


А 550220 


400 600 800 


Tensile stress, MPa —— 


Figure 2.39: Mechanical properties of cold-rolled steel sheet grades, Fe P 02-05 = deep drawing grades acc. to EN 
10130; Fe P 06 = IF deep drawing grades acc. to EN 10130; ZstE = HSLA - grades (microalloyed), ZSteP = high 
strength-grade with increased P content; DP = dual-phase-grades; PM = partially martensitic grade; SSD 220 = high 
Strength IF-grade (experimental). Elg, = % elongation at fracture (gage length 80 mm). 
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Figure 2.40: Scatter bands of flow curves of unalloyed 
and low-alloyed steels after annealing to form spheroidal 
cementite [130]. 

Steel can be very suitable for plastic defor- 
mation in which the degree of deformation 1s 
high, if its microstructure fulfills the necessary 
requirements. Unalloyed and alloyed grades 
of steel with up to ca. 1.6% C are suitable for 
cold extrusion, as are high-alloy stainless 
steels. 

Cold extrusion has many advantages, e.g., 
good dimensional control. The process causes 
work hardening, which is sometimes directly 
utilized in the finished product. In many appli- 


cations, a final heat treatment is included to 
give the desired structure and properties. 


Properties and Their Measurement. For 
cold extrusion, the yield stress А; of a material 
for a given degree of deformation @ is impor- 
tant. The relationship between these values is 
represented by the true stress-true strain curve. 
From the yield stress, the force required for 
the deformation and the material properties af- 
ter forming can be estimated. The scatter 
bands for flow curves of some unalloyed and 
alloyed steels are shown in Figure 2.40 [130]. 
For a given chemical composition, these de- 
pend on the microstructure of the material. 
Understandably, ferrite has the best deform- 
ability, influenced by its chemical composi- 
tion, while the cold deformability of coarsely 
laminated pearlite is limited. Therefore, steels 
containing more than ca. 0.15% C must be 
heat treated, usually by annealing, to convert 
the cementite in the pearlite into spheroidal 
form. The degree of spheroidization and the 
size of the carbide particles can be used to esti- 
mate the formability. Very finely laminated 
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pearlite, e.g., after quenching and tempering 
or wire patenting, is also very suitable. 

The yield stress is usually determined by a 
cylindrical compression test. Here, the friction 
at the surfaces under compression is very im- 
portant. In practice, the suitability for cold ex- 
trusion and the deformability are frequently 
assessed simply from the tensile strength, the 
reduction in area on breaking, and the percent- 
age elongation at fracture. It is essential that 
the surface of the starting material should be 
practically defect -free for successful cold 
forming. 


Grades of Steel. Cold extrusion and cold 
heading are used for the manufacture of 
screws, nuts, and many components used in 
automobile and machine manufacture, includ- 
ing gear wheels, shafts, piston pins, etc., as 
well as colddrawn tubes and wires. The chem- 
ical compositions of the grades of steel for 
these applications must be adapted to cold de- 
formability, i.e., Si and Mn content must be re- 
duced, and undesirable tramp elements such 
as Cu, Ni, Mo, and P must be excluded by ap- 
propriate selection of the raw materials. Small 
additions of boron improve the hardenability 
of the steel without increasing the yield stress 
in the annealed state. A high degree of purity 
with respect to nonmetallic inclusions is also 
important, especially long banded inclusions 
should not be present. 

Unalloyed mild steels not intended for heat 
treatment, and unalloyed and alloyed case 
hardening and heat-treatable steels with suit- 
able chemical compositions, and after sphe- 
roidizing are used in large amounts for cold 
extrusion and cold heading. 


2.3.4.3 Machining or Free-Cutting 
Steels [131] 


General. The shaping of steel to produce fin- 
ished products by machining is extremely im- 
portant. If we exclude sheet stamping, almost 
all other articles made from steel are formed 
into their final shape by processes involving 
the removal of metal, e.g., milling, turning, 
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drilling, screw cutting, sawing, to achieve the 
required tolerances and surface quality. The 
costs of these processes are greatly influenced 
by the machinability of the material (Figure 
2.41). 
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Figure 2.41: Machinability of free-cutting steels. Ma- 
chinability index is the machined volume for tool life 8 h, 
based on a value of 100% for 9 SMn 28 steel. 

Good machining properties are of great im- 
portance, especially for the mass production 
of machinery components, the automotive in- 
dustry, and also for the operation of computer- 
controlled automatic lathes or production 
lines. Good machinability means: 


e Good tool stability at high cutting rates 


e Good breaking properties of the tumings or 
chippings, so that these can be removed 
safely 


e Dimensional accurate and smooth ma- 
chined surfaces 


To meet these requirements, the so-called 
machining or free-cutting steels were devel- 
oped some time ago. The formation of short 
breaking turnings and a very smooth surface 
was achieve d by the addition of sulfur, and, 
more recently, other elements (Pb, Te, Bi), 
with a slight increase in phosphorus content. 
The high levels of these elements can have a 
harmful effect on technical properties for cer- 
tain applications, so that the machining steels 
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represent a compromise, and this must be 
borne in mind when they are used. 


Properties and Their Measurement. The use 
of machining steels is based on their mechani- 
cal properties. The distinction is made be- 
tween low-carbon mild steels which are not 
intended for heat treatment, and steels which 
are suitable for case hardening or quenching 
and tempering (EN 10087). 

Machinability is difficult to quantify, and 
depends on the interaction of the material of 
the workpiece with the material of the cutting 
tool under the actual machining conditions 
[132]. A large number of test methods have 
been proposed. These include long-term tests 
to determine the one-hour cutting speed V,,, 
m/min, i.e., the cutting speed under prescribed 
conditions which causes the tool to be wom 
out after 60 min, and also a quick test to deter- 
mine the tool failure speed Уу, m/min, with an 
increased cutting speed. In addition, the shape 
of the cuttings and the surface finish are as- 
sessed. 

The distribution and size of the sulfide pre- 
cipitates (which are of complex composition) 
in the microstructure is of great importance for 
the machinability. This distribution is mflu- 
enced by the metallurgical processes occur- 
ring during the production of the steel, and 
also by the degree of hot rolling. Elements 
such as tellurium or selenium promote the for- 
mation of globular sulfides. Metallographic 
observations of the microstructure are there- 
fore used in controlling the working method. 


Grades of Steel. Low-carbon mild free-cut- 
ting steels, not intended for heat treatment, 
have strength properties like those of Fe 360, 
and their chemical composition is graded to 
give varying degrees of machinability. Sulfur 
content (up to ca. 0.4%) is approximately ten 
times that of other steels. The formation of 
iron sulfide, which leads to “red shortness” on 
hot forming, is avoided if the Mn content is ca. 
1.5% higher, while the Si content is kept as 
low as possible (< 0.05%). Additions of lead 
(up to 0.1%) and tellurium improve machin- 
ability, but are expensive. Figure 2.41 shows 
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the effect of various chemical compositions on 
machinability compared with Fe 360 [131]. 

With case hardening and heat treatable 
steels, which are optimized for machinability, 
the usual principles of alloying apply, but sul- 
fur content is limited to 0.15-0.25%. Machin- 
ing steels suitable for quenching and 
tempering are only supplied unalloyed, with 
carbon content < 0.65%. 
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3.1 Introduction 


Copper alloys are of ancient origin, being 
the source of tools that led humans from the 
Stone Age into the Bronze Age. Over the cen- 
turies, people have leamed to refine metals to 
a more pure state and alloy these metals to- 
gether to form a more useful product. 

As techniques improved, the number of 
copper alloys proliferated and became more 
complicated. In parallel, the alloy systems of 
other metals were also evolving and increas- 
ing in number. Each manufacturer had devised 
a nomenclature that was specifically applica- 
ble to his alloys, making it difficult for users to 
purchase from more than one source and still 
obtain equivalent products. 

In the mid-1950s, the Aluminum Associa- 
tion established a four-digit numbering system 
to define the various aluminum alloys. The 
steel industry already had a four-digit system 


to describe many of its alloys. In the mid- 
1960s, the copper industry decided to adopt a 
three-digit system. There was a spurt of re- 
search activity in the copper industry, espe- 
cially on aluminum bronzes, which became 
difficult to administer with the three-digit al- 
loy identification system. Efforts were also be- 
ing made internationally to develop a unified 
method of systematically identifying alloys. 
Tn the United States, a Unified Numbering 
System (UNS) was devised, while in Europe 
the International Standards Organization 
(ISO) began assembling an identification sys- 
tem. 

The currently accepted UNS designation 
system for metals and alloys in North America 
has been developed under the joint manage- 
ment of the American Society for Testing and 
Materials (ASTM) and the Society of Auto- 
motive Engineers (SAE). This designation 
system incorporates an alphanumeric identifi- 
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cation that encompasses the commercially 
produced metals and alloys. The International 
Standards Organization (ISO) uses a designa- 
tion that is based on composition (e.g., car- 
{паре brass, CuZn30), but as the number of 
specific alloying elements increases, the ISO 
designation becomes unwieldy, e.g, UNS 
C86300 vs. ISO CuZn25A16Fe3Mn3. 

The initial letter of the UNS system desig- 
nates the metal and alloy system covered, e.g., 
A for aluminum and aluminum alloys, P for 
precious metals and alloys, N for nickel and 
nickel alloys, or C for copper and copper al- 
loys. The copper and copper alloys system is 
administered by the Copper Development As- 
sociation (CDA) and encompasses all coppers 
and copper alloys of commercial use that have 
been presented for inclusion in this system. 
The numeric portion of the alphanumeric UNS 
system classifies the various alloys into spe- 
cific subgroupings on the basis of the quantity 
of copper present and the alloying elements 
present. These subgroups are identified as fol- 
lows: 
С10000 


C20000 
C30000 


Wrought coppers 

Wrought copper-zinc alloys (wrought brasses) 
Wrought copper-zinc-lead alloys (wrought 
leaded brasses) 

Wrought copper-zinc-tin alloys (wrought tin 
brasses) 

Wrought copper-tin alloys (standard phosphor 
bronzes), wrought copper-tin-lead alloys 
(leaded phosphor bronzes), and copper-phos- 
phorus alloys (brazing alloys) 

Wrought speciality alloys: wrought copper- 
aluminum alloys (aluminum bronzes), wrought 
copper-silicon alloys (silicon bronzes), and 
miscellaneous copper-zinc alloys (manganese 
brasses and aluminum brasses) 

Wrought copper-nickel alloys (cupronickels), 
wrought copper-nickel-zinc alloys (nickel sil- 
vers), wrought leaded copper-nickel-zinc al- 
loys (leaded nickel silvers) 

Cast coppers, cast high-copper alloys, cast cop- 
per-tin-zinc alloys, cast copper-tin-zinc-lead 
alloys (unleaded and leaded red brasses, semi- 
red brasses, yellow brasses, and manganese 
brasses), cast copper-zinc-silicon alloys (sili- 
con bronzes and silicon brasses) 

Cast copper—tin—alloys (tin bronzes), cast cop- 
per-tin-iead alloys (leaded tin bronzes), cast 
copper-tin-nickel alloys (nickel tin bronzes), 
cast copper-aluminum-iron and copper-alu- 
minum-iron-nickel alloys (cast aluminum 
bronzes), cast copper-nickel-iron alloys (cop- 
per nickels), cast copper-nickel-zinc alloys 
(nickel silvers), and cast special alloys 


C40000 


C50000 


C60000 


C70000 


C80000 


C90000 


Alloys 


This classification system is the basis for 
discussing commercial coppers and copper al- 
loys in an orderly manner. 

The relative electrical conductivity is given 
in %IACS: In 1913, in France, an electrical 
standard was adopted on an international ba- 
sis. À copper wire 1 m long and weighing 1 g, 
with an electrical resistance of 0.15328 О, was 
selected as the standard. A value of 100% 
electrical conductivity was assigned to this 
wire, which has a volume resistivity of 
0.017241 Оттдп at 20 °C. This is the Inter- 
national Annealed Copper Standard (IACS). 


Some coppers may have a greater electrical 
conductivity than 100%. Alloy C11000 has 
101% IACS. This is due to the higher purity of 
copper today and illustrates how the refining 
of copper has improved over the ensuing 
years. Figure 3.1 illustrates how many of the 
common elements associated with copper, 
even at minute levels, degrade the electrical 
conductivity. Most high-conductivity copper 
alloys start with electrolytic copper as Ihe ba- 
sic building block for developing the alloy. 
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Figure 3.1: Effect of impurity levels on the electrical con- 
ductivity of copper (28, p. 66]. 


3.2 Wrought Coppers 


The wrought coppers are further subdi- 
vided into two classes: (1) the coppers, 1.е., 
copper alloys that are designated as C10000 
through C15600 and have a minimum of 
99.3% Cu, and (2) high-copper alloys, which 
are designated as C16000 through C19600 and 
have a minimum of 96.0% Cu. 


Copper 


3.2.1 Coppers, 2 99.3% Cu 


In coppers, there are several elements that 
are added for specific purposes and one ele- 
ment that is specifically excluded — oxygen. 
Unless special precautions are taken to pre- 
vent contact with air when the copper is mol- 
ten, oxygen is absorbed into the liquid copper. 
It remains there unless the copper is deoxi- 
dized. The presence of oxygen in copper has 
several deleterious effects: 


e Hydrogen embrittlement is a probability 
during brazing or welding, or any time cop- 
per is heated above 450 °C and hydrogen is 
present in the atmosphere or environment. 


e The electrical conductivity is somewhat 
lowered and elements used to deoxidize the 
copper lower the conductivity even more. 


e Oxides present act as inclusions that reduce 
formability. Rolling further accentuates the 
effect of the oxides. 

When the oxides are randomly spaced 
throughout the matrix, the effect on the form- 
ability is relatively low. When processing 
causes these oxides to agglomerate within the 
matrix in the form of a string, however, form- 
ability is greatly reduced. This condition most 
often has its origin in the original casting of 
the alloy, where agglomeration is permitted to 
begin. 

e Copper oxides within the structure interfere 
with recrystallization and grain growth dur- 
ing annealing. 

The oxygen problem is handled by one of 
three methods: 


e Processing the liquid copper in such a man- 
ner as to exclude oxy gen through the use of 
vacuum chambers or reducing or inert atmo- 
spheres during melting, pouring, and cast- 
ing. However, this does not preclude the 
absorption of oxygen at some later time (an- 
nealing, welding, etc.) unless these same 
precautions are followed. 


e Using normal melting and casting tech- 
niques, but adding deoxidizers to the melt to 
combine with the oxygen. With excess 
deoxidizer present, the chemical reaction is 
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driven to completion and offers protection 
during subsequent processing. The common 
deoxidizers are phosphorus, boron, zirco- 
nium, and magnesium. 


e Recognizing that oxygen is present but 
working within the limitations imposed by 
the oxygen during subsequent processing. 

Other elements that may be present as im- 
purities are removed normally through fire 
and electrolytic refining processes, leaving 
very pure (less than 0.10% other elements) 
copper. 
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Figure 3.2: Effect of silver additions (96) on the annealing 
of copper following 40% cold work [26, 27]. Annealing 
temperature, 290 °C. 
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Figure 3.3: Effect of silver additions (%) on the annealing 
of copper following 40% cold work [26, 27]. Annealing 
temperature, 340 °C. 
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In the coppers (2 99.3% Cu), several alloy- 
ing elements are used to provide specific at- 
tributes. 

Silver is alloyed with copper to increase the 
softening temperature of rolled temper prod- 
ucts. When silver is present in sufficient quan- 
tity, arolled temper copper can be subjected to 
higher processing temperatures for longer 
times without softening the metal excessively. 
Figures 3.2 and 3.3 illustrate the effect of sil- 
ver content on the softening characteristics of 
silver-bearing copper strip that has been re- 
duced 40% in thickness by cold rolling. Fig- 
ure 3.2 illustrates that the quantity of silver 
alloyed with copper affects the amount of soft- 
ening with time at 290 °C. Figure 3.3 illus- 
trates the effect at 340 °C for the same group 
of silver-bearing coppers. 

Phosphorus is added to molten copper as a 
deoxidizer. When normal control of oxygen 
content is exercised during the melting of cop- 
per, a minimum of 0.015% P should be suffi- 
cient to deoxidize the melt completely. The 
copper should then be capable of passing the 
standard hydrogen embrittlement tests. Deoxi- 
dized high-phosphorus (ОНР) copper 
(C12200) contains 0.015-0.040% P. Its elec- 
trical conductivity is approximately 85% 
IACS. The high phosphorus leaves sufficient 
deoxidizing power to maintain deoxidizing 
during welding or brazing of the copper. With 
careful control of oxygen content during melt- 
ing, a phosphorus residual in the range of 
0.004-0.012% can be achieved to produce 
deoxidized low-phosphorus (DLP) copper 
(C12000). Since part of the phosphorus ana- 
lyzed is present as oxide, C12000 probably 
would fail the hydrogen embrittlement tests 
when the phosphorus is kept low to maximize 
the electrical conductivity (ca. 95% ACS), If 
the phosphorus is kept toward the high side of 
the phosphorus range to meet the hydrogen 
embrittlement test standards, the electrical 
conductivity is reduced to ca. 90% IACS. 

Figure 3.4 illustrates the effect on the elec- 
trical conductivity of alloying various ele- 
ments with copper. Phosphorus, which 
strongly lowers the conductivity, is the most 
widely used deoxidizer, but other elements 


Alloys 


can be used, e.g., lithium, sodium, boron, car- 
bon, magnesium, or silicon. Beryllium, alumi- 
num, calcium, manganese, and zinc are also 
deoxidizers, but they are usually added to cop- 
per for other reasons. 
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Figure 3.4: The effect of alloying elements on the con- 

ductivity of copper [28, p. 91). Of the elements shown, sil- 

ver has relatively little effect, whereas phosphorus greatly 

affects the conductivity, 

Boron is used as a deoxidizer. Arsenic is al- 
loyed in copper to increase the corrosion resis- 
tance and to increase the temperature of 
recrystallization. 

Arsenic decreases the electrical conductiv- 
ity Figure 3.4). 

Cadmium is used as an alloying element in 
copper to increase the strength of the copper 
and, like silver, to raise the softening tempera- 
ture. Cadmium lowers the electrical conduc- 
tivity more than silver (Figure 3.4). 

Small amounts of tin may be added to cop- 
per as a strengthener. Tin also reduces the 
electrical conductivity. 

Tellurium is alloyed with copper to increase 
machinability. The machinability rating of 
pure copper is 20 FMB (free machining brass 
(FMB), 100), but addition of tellurium in- 
creases the rating to 85 FMB. Tellurium has 
only a slight effect on electrical conductivity, 
because it is insoluble in copper in the solid 
state. 

Sulfur is used at times to increase the ma- 
chinability of copper. Sulfur decreases casting 
quality by creating gas holes in the casting, 
making sulfur less desirable than tellurium. 


Copper 


Zirconium functions as a deoxidizer when 
added to copper. In fact, it reacts so readily 
with oxygen that a patented casting technique 
was developed to make zirconium addition 
feasible. The residual zirconium alloys with 
copper. Only a small amount of zirconium is 
added to the copper, 0.05-0.15%. It provides 
strength through a precipitation hardening ef- 
fect. The solid solubility of zirconium in cop- 
per decreases with decreasing temperature. 
The zirconium forms an intermetallic com- 
pound with copper that is a fine precipitate in 
the copper matrix. Zirconium copper has 95% 
IACS conductivity, a high softening tempera- 
ture, and good strength and formability. One 
difficulty in using zirconium is the effect on 
surface quality. The copper-zirconium precip- 
itate can be large at times. In continued roll- 
ing, the precipitate produces a gray copper 
color at the surface of the strip, leaving a mot- 
tled copper-gray copper appearance that is 
undesirable in some applications. 

Cobalt acts as a strengthener in copper 
forming a precipitate of fine intermetallic 


Table 3.1: Wrought coppers. 
Permissible 


Description, properties 


oxygen-free electronic; ex- 
tremely pure copper with very 
low oxygen formulated for elec- 
tronic applications where purity is 
essential to maintain electrical 
conductivity > 101% IACS as an- 
nealed 


oxygen-free, very pure copper 
with no residual deoxidants, elec- would decrease deformability 
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compounds. Where phosphorus is present, co- 
balt exhibits an even greater effect on alloy 
strength. 

Magnesium is a strong deoxidizer. It can 
create porosity problems in casting unless its 
addition is carefully controlled. As an alloying 
element, it forms a precipitate of CuMg, parti- 
cles and strengthens the copper. 

The coppers shown in Table 3.1 with their 
compositions and properties are representative 
of the types frequently used. 

In addition to the coppers there is a series of 
dispersion-strengthened coppers, containing 
various quantities of aluminum oxide, AL,O,, 
as the dispersant. The alloys are manufactured 
by using powder metallurgical technology, 
since Al,O, would tend to agglomerate in the 
liquid phase during conventional casting. 

The analytical oxygen content is high for 
copper standards, reaching 0.5994 O. How- 
ever, the effective content is < 0.04%, the rest 
of the oxygen being in the ALO, dispersant. 
The most popular alloys in this group are de- 
scribed in Table 3.2. 


Uses 


bus bars, waveguides, anodes, 
glass-to-metal seals 


where the presence of oxygen 


trical conductivity of 10196 IACS in fabricating the required 


UNS (ISO) Alloying А fr Density, 
impurities 
alloy elements’, % (т % g/cm 
C10100 Cu 99.90 P 0.0003 8.94 
Te 0.0010° 
Hg 0.0001 
Cd 0.0001 
S 0.0018 
Pb 0.0010 
Se 0.0010 
Bi 0.0010 
О, 0.0010 
С10200 Си 99.95 8.94 
(CuOF) 
C10400 Cu + Ag 99.95 8.94 
Ag 0.027 
С10700 Cu + Ag 99.95 8.94 
Ag 0.085 
C10920 Cu + Ар 99.90 О, 0.02 8.94 


oxygen-free with silver added to 
raise the softening point 


oxygen-free with silver added to 
raise the softening point 


low residual oxygen maintained 
by processing 


products in transistor compo- 
nents, coaxial cables, 
klystrons 


similar to C10200 where good 
creep strength at elevated tem- 
perature is essential 


similar to C10400 


replaces the more expensive 
oxygen-free copper and still 
retains maximum formability 
and electrical conductivity of 
100% IACS 


70 
UNS(ISO) Alloying Permissible 
alloy elements", % (ane, % 
C10940 Cu + Ар 99.90 О, 0.02 
Ар 0.085 
С11000 Си+ Ар 99.90 О, 0.04 nom- 
(CuETP) inal 
С11600 Си+ Ag99.90 О, 0.04 nom- 
(CuAg0.1) (Ag 0.085) inal 
C12000 Си+ Ag 99.90 
(CuDLP) Р0.001-0.012 
C12200 | Cu+ Ag 99.9 
(CuDHP) Р0.015-0.040 
C12800 Си+ Ag99.88 Аз 0.12 
Ag 0.034 Sb 0.003 
Te * Se 0.025 
Ni 0.050 
Bi 0.003 
Pb 0.004 
C14200 Си+ Ар99.4 
(Au, As(P)) As 0.15-0.50 
P 0.015-0.040 
C14310 Cu + Cd 99.90 
Cd 0.10-0.30 
C14500 Си + Te 99.90 
(Cu, Te) Р0.004-0.012 
Te 0.40-0.7 
C15000 Cu + Ag 99.80 
Zr 0.10-0.20 


a Minimum, except for ranges. 
b Maximum, except where stated otherwise. 


Density, 


g/cnt 
8.94 


8.94 


8.94 


8.94 


8.94 


8.94 


8.94 


8.89 


Description, properties 


low residual oxygen, alloy 
C10920 with silver 


electrolytic tough pitch, commer- 
cially pure copper: quantity of re- 
tained oxygen depends on 
processing, embrittles if heated 
above 370 °C in hydrogen 


tough-pitch copper with silver, 
commercially pure copper with 
silver to raise the softening point 


phosphorus deoxidized, low re- 
sidual phosphorus, fully deoxi- 
dized to meet hydrogen 
embrittlement tests and maxi- 
mize electrical conductivity of 
95% IACS 


phosphorus deoxidized, high re- 
sidual phosphorus, phosphorus re- 
tained to protect against hydrogen 
embrittlement during welding or 
brazing, electrical conductivity 
reduced by phosphorus to 85% 
IACS 


fire-refined tough pitch with sil- 
ver, lower grade of copper that has 
not been electrolytically refined, 
silver added to raise the softening 
point 


phosphorus-deoxidized arsenical, 
electrical conductivity of 45% 
IACS, an aid in resistance weld- 
ing, arsenic reduces corrosion 


cadmium-deoxidized copper, 
electrical conductivity of 96% 
IACS and ability to resist soften- 
ing and hydrogen embrittlement 


phosphorus-deoxidized, tellu- 
rium-bearing copper, free-ma- 
chining copper, electrical 
conductivity of 93 % IACS com- 
bined with good machinability 
and good hydrogen embrittle- 
ment, excellent choice when ex- 
tensive machining is required 
zirconium copper: heat-treatable 
deoxidized copper, electrical con- 
ductivity of 93% IACS, good cor- 
rosion resistance, good creep 
strength 


c Total Se, Te, Bi, As, Sb, Sn, and Mn not to exceed 0.0040%. 


Alloys 


Uses 


silver-bearing copper, retains 
formability and electrical con- 
ductivity of 100% IACS with 
silver to raise the softening 
point, replaces the more ex- 
pensive oxygen-free alloys 


electrical wires, nails, 
switches, terminals, rivets 


automotive radiator, fin stock, 
printed circuit foil 


electronic connectors, 
waveguides 


water and heat exchanger tub- 
ing and plates 


roofing, screening, kettles, 
and radiator fin stock 


locomotive fireboxes, heat-ex- 
changer and condenser tubes 


anneal-resistant electrical 
components such as lead 
frames, contacts, and termi- 
nals, furnace-brazed assem- 
blies and components 


electrical connectors, solder- 
ing tips, welding tips, parts as- 
sembled by furnace brazing 


Copper 


Table 3.2: Wrought dispersion-strengthened coppers. 


Permissible 


“glid-cop” alloys, produced through 
powder metallurgical techniques to 
obtain rolled strip, wire, rod, and 


Description, properties Uses 


electrical connectors, 
electronic spring contacts, 
heat sinks 


shaped wire with electrical conductiv- 
ity of 90% IACS 


UNS (180) Alloying ; Be Density, 
impurities 
alloy elements’, % (mac), % g/cm 

C15710 Cu + Ag99.71 Ее0.01 8.82 
А10.08-0.12 P0.01 
0, 0.07-0.15 

С15720 Си + Ар 99.52 Fe0.01 8.81 
A10.18-0.22 P0.01 
0, 0.16-0.24 

C15735 Си + Ар 99.24 Fe 0.01 8.80 
A10.33-0.37 Р0.01 
0, 0.29-0.37 


similar to C15710, where high 
strength is required and electrical con- ports, circuit-breaker 
ductivity of 89% IACS is tolerable 


similar to C15710 and C15720, where resistance-welding elec- 
even higher strength and an electrical trodes, circuit-breaker 
conductivity of 8596 IACS are re- 


lead frames, contact sup- 


components 


components, heat sinks 


tained after exposure to high tempera- 


ture 


a Minimum, except for ranges. Aluminum is reported as Al,O, and oxygen is reported as Al,O, + Cu,O. 


Table 3.3: Wrought cadmium coppers. 


Permissible 


UNS (ISO) Alloying ; 2... Density, 
alloy elements’, % 5“ sien 
C16200 — Cd. 0.7-1.2 Fe 0.02 8.89 
(CuCdl) Cu+Ag+Cd+Fe 
99.8 
Cu + Agremainder 
C16500 С40.6-1.0 Fe 0.02 8.89 
Sn 0.5-0.7 
Си + Ар + Cd + Sn 
+ Fe 99.8 


Cu + Ag remainder 


a Minimum, except for ranges. 


3.2.2 High-Copper Alloys, 
> 96.0% Cu 


The high-copper alloys (2 96.01% Cu) 
contain several other alloying elements, as 
well as some of those in the coppers. Those al- 
loying elements common to both groups are 
usually present in a greater percentage in the 
high-copper alloys. The high-copper alloys 
are grouped with respect to the major alloying 
element. 


Cadmium Coppers. The cadmium coppers 
(C16200-C 16500) contain cadmium, from 0.6 
to 1.2%. The high-cadmium coppers have 
greater hardness and higher softening temper- 
alures than the coppers with lower cadmium 
additions. The reduction in electrical conduc- 
tivity from 96 to 90% JACS is modest. Tin is 
an additional strengthener, giving a 15% 


cadmium copper, high strength with 
electrical conductivity of 90% IACS 


tin-bearing cadmium copper, higher 
strength, electrical conductivity of 
60% IACS 


Description, properties Uses 


trolley wire, heating 
pads, electric-blanket 
elements, high-strength 
transmission lines 


electrical springs, lead 
frames, electronic con- 
tacts, clips, flat cables 


strength increase and a reduction to 60% 
IACS in electrical conductivity, with no de- 
crease in softening temperature. Table 3.3 de- 
scribes the most popular cadmium-copper 
alloys. 


Beryllium Coppers. The beryllium coppers 
(С17000-С17700) constitute an alloy family 
in the high coppers. The addition of up to 2% 
Be and a small amount (0.6% max.) of cobalt 
yields one of the highest strength copper al- 
loys (C17200) available, with upward of 1380 
MPa ultimate tensile strength. Figure 3.5 is a 
partial copper-beryllium phase diagram. 

The very high strength, as in all of the cop- 
per-beryllium alloys, is obtained through heat 
treatment. The metal is subjected to a solution 
anneal and quenched. A saturated alpha Cu- 
Be-Co phase is produced. Work hardening the 
metal in the solutionized condition adds to the 
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total strength obtainable by the subsequent 
precipitation of intermetallic particles. When 
the metal has been work-hardened to the ex- 
tent desired, the metal is given a precipitation 
heat treatment (aged) and copper cobalt beryl- 
lides, (Cu, Co) Be, are precipitated, providing 
an extremely strong copper alloy. The precipi- 
tation process not only strengthens the prod- 
uct, but also increases the electrical 
conductivity. The electrical conductivity of 
C17200 can increase from 16 to 22% IACS 
during the precipitation heat treatment. 
Beryllium, mol; ——»- 
10 20 30 40 


Temperature, °C ——» 


14,875) 16.0) 
1 
| 


Maximum commercial 


Cu 2 4 6 B 10 
Beryllium, wt*/; —— 


Figure 3.5: Copper-beryllium phase diagram [28, p. 63]. 


Most of the beryllium-copper alloys are 
supplied as either age hardenable or mill hard- 
ened. The age-hardenable temper permits the 
manufacturer to fabricate parts from a rela- 
tively ductile material. The precipitation heat 
treatment is then performed on the fabricated 
parts to maximize their strength and electrical 
conductivity. The parts may require fixturing 
prior to and during the heat treatment to mini- 
mize warpage during the treatment cycle. Fab- 
ricating parts from mill-hardened metal does 
not require any further heat treatment, but 
strength usually is sacrificed to have sufficient 
formability for part fabrication. 

Beryllium is expensive. Use of the beryl- 
lium coppers is prohibited by the cost of the 
alloys, except where their very high strength, 
good relaxation, and corrosion resistance are 
necessary. Although some degrading of the 
high strength occurs, substitution of more co- 


Alloys 


balt and nickel for some of the beryllium pro- 
duces less expensive grades of beryllium 
copper (C17400, C17410, C17500). One ad- 
vantage of these lower priced products is that 
the electrical conductivity is 40 or 60% IACS, 
rather than 22% IACS. Since these alloys 
have better formability, they are supplied mill- 
hardened, eliminating the need for heat treat- 
ment after forming. 


Where wire and rod are used to form the be- 
ryllium-copper components, machinability is 
often needed. Lead is added, up to 0.694 
(C17300), to aid in the machinability. Free 
machining brass has a machinability of 100 
FMB, unleaded beryllium copper of 20 FMB, 
and leaded beryllium copper of 50 FMB. 
Some producers also add small quantities of 
tellurium for machinability, but lead gives su- 
perior results. 


The high temperatures and long time cycles 
normally employed in the solution heat treat- 
ment of beryllium-copper alloys result in rela- 
tively large grain sizes, which decrease 
formability in the thinner products now in use. 
Some producers add cobalt or increase the 
amount of cobalt used as a grain refiner with 
good results. The cobalt also replaces part of 
the beryllium. New processing techniques are 
being incorporated to effect a grain size reduc- 
tion. Table 3.4 describes the more popular be- 
ryllium copper alloys. 


Chromium Coppers. Chromium is added to 
copper up to 1.2% to provide another family 
of alloys that are heat treatable (C18000- 
C18500). In heat treating, intermetallic parti- 
cles are precipitated to yield a moderately 
strengthened copper with an ultimate tensile 
strength of 380 MPa vs. 220 MPa and a mod- 
erately high electrical conductivity of 80% 
IACS vs. 101% IACS for C11000. The chro- 
mium that is present not only is a strengthen- 
ing agent, but also acts as a grain refiner. Some 
chromium coppers may contain up to 0.896 Si 
as a substitute for chromium and as an aid in 
forming a fine precipitate. The more popular 
chromium copper alloys are described in Ta- 
ble 3.5. 


Copper 


Table 3.4: Wrought beryllium coppers. 


73 


Permissible 


UNS(ISO) Alloying А BE Density, o | 
alloy elements, % aye g/cm Description, properties Uses 
C17000 Be 1.60-1.79 Ni + Co 0.20 8.41 beryllium copper, 165 alloy, heat-treat- bellows, springs, non- 
(CuBel.7. Cu+Agre- М№ + Со + Ге able, supplied either аре hardenable ог parking safety tools, 
CoNi mainder 0.6 mill hardened, exhibits hard-temper ten- lock washers 
sile strength of 1310 MPa with elecirical 
conductivity of 22% IACS 
C17200 Ве1.80-2.00 Ni+Co0.20 8.30 beryllium copper, 25 alloy, heat treatable, parts manufactured by 
(CuBe2Co Cu+Agre- М + Со + Ее normally supplied mill hardened or age screw machine tech- 
Ni) mainder 0.6 hardenable, exhibits hard-temper tensile niques 
Si 0.20 strength of 1380 MPa with electrical con- 
Al 0.20 ductivity of 22% IACS 
C17300 Ве 1.80-2.00 Ni+Co0.20 8.30 beryllium copper, M 25 alloy (machin- parts manufactured by 
(CuBe2Pb) Pb 0.20-0.6 Ni+Co+Fe able), same properties as C17200 with screw machine tech- 
Cu+Agre- 0.6 lead added for machinability (50% vs. niques 


mainder Si 0.20 20% for other beryllium coppers), must 
Al 0.20 be heat treated 
C17400 Со0.15-0.35 Fe 0.20 8.80 relatively new beryllium copper, cobalt electrical and electronic 
Be 0.15-0.50 Si 0.20 added as a grain refiner and strengthener, components 
Cu+ Agre- AI0.20 available mill hardened, tensile strength 
mainder of 800 MPa, electrical conductivity of 
40-55% IACS, very good resistance to 
stress relaxation 
C17410  Co0.35-0.6 Fe 0.20 8.80 relatively new beryllium copper, similar same as C17400 
Be 0.15-0.50 510.20 to C17400, tensile strength of 900 MPa, 
Cu + Agre- А10.20 electrical conductivity of 45-60% IACS 
mainder 
C17500 Со24-27 Ғе0Л0 8.75  low-beryllium copper, alloy 10, supplied high-strength electrical 
(CuCo2Be) Be 0.40-0.7 510.20 either age hardened or mill hardened, contacts 
Cu+Agre- А10.20 similar to C17400, tensile strength of 900 
mainder MPa, electrical conductivity of 45-60% 
IACS 
Table 3.5: Wrought chromium coppers. 
А Permissible А 
UNS USO) Alloying impurities Density, Description, properties Uses 
alloy elements, % (max.), % g/cm 
C18000 МҚСо)2.0-3.0 Fe 0.15 8.89 chromium copper, heat treatable, usu- resistance welding elec- 
Cr 0.10-0.6 ally supplied aged trodes, cable connec- 
Si 0.40-0.8 tors, molds, spot- 
Cu + Agre- welding tips 
mainder 
c18200 Сг0.6-1.2 Fe 0.10 8.89 chromium copper, heat treatable, usu- circuit-breaker compo- 
(CuCrl) Си+ Agre- 810.10 ally supplied aged, excellent cold nents, spot-welding 
mainder Pb 0.05 workability, electrical conductivity of tips, electrical and ther- 


80% IACS 


mal conductors 


Leaded Copper and Specialty Copper Al- 
loys. Alloys C18700-C 19100 (UNS) are prin- 
cipally designed tor wire and for welding rod 
products. Within this group, tin and nickel are 
added to strengthen the copper. For welding, 
silicon is added to increase the fluidity of the 
weld metal. Manganese and phosphorus are 
added to act as deoxidizers. Alloy C18700 has 
up to 1.5% Pb added for machinability, giving 


a machinability of 85 FMB. The presence of 
the lead makes this alloy useful for machin- 
able wire, but not for welding. Alloy C18900 
contains tin, silicon, and manganese for 
strength and fluidity in welding. Alloy 
C19100 contains nickel, tellunum, and phos- 
phorus, is heat treatable, and has a machinabil- 
ity of 75 FMB. The leaded copper and 
specialty copper alloys are in Table 3.6. 
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Table 3.6: Wrought leaded copper and specialty coppers. 


UNS(ISO) Alloying ae Density, 
alloy elements, % (max), % g/cm 

C18700 РЬ0.8-1.5 8.94 
(CuPb1) Cut Agre- 

mainder 

85% 

C18900 6506-09 = Pb 0.02 8.91 

810.15-0.40 P 0.05 

Mn 0.10-0.30 AI 0.01 

Cut+Agre- Zn0.10 

mainder 
C19100 Мі09-13 Ее0.20 8.94 

Te 0.35-0.6 Pb0.10 

P0.15-0.35 210.50 

Cu + Agre- 

mainder 


copper welding wire and rod, alloy 
strongly but electrical conductivity of 
only 30% IACS 


Alloys 


Description, properties Uses 


leaded copper, lead added to oxygen-free electrical connectors 
or deoxidized pure copper, electrical con- and screw machine 
ductivity of 96% IACS, machinability of parts requiring high 


electrical conductivity 
primarily welding 


heat-treatable machinable copper, fully bolts, bushings, electri- 
heat treated, electrical conductivity of 
55% IACS, machinability of 75% 


cal components, gears, 
nuts, tie rods 


High-Strength Coppers. The last alloy fam- 
ily in the high-copper alloys has iron as the 
major alloying element. Iron adds strength to 
the alloys, but dissolving iron in molten cop- 
per is a problem. A master alloy of copper and 
iron aids greatly in putting the iron into solu- 
tion. These alloys contain phosphorus to deox- 
idize the melt, and there is a synergistic 
relationship among the copper, iron, and phos- 
phorus that adds additional strength to the al- 
loy. 

The UNS numbers in this alloy series start 
with the moderate strength C19200, which 
contains 1% Fe and 0.025% P. A major alloy 
in this series is C19400, which contains 2.1- 
2.6% Fe, with an ultimate tensile strength of 
525 MPa in spring temper. During processing, 
the iron and phosphorus are first solutionized 
and then precipitated as fine spheroids of cop- 
per iron phosphides. As in other alloys, pre- 
cipitation of the alloy additions from solution 
increases the electrical conductivity. When 
fully solutionized, the alloy has an electrical 
conductivity as low as 35% IACS. However, 
through special processing in which the maxi- 
mum precipitation has been achieved, the al- 
loy can exhibit an electrical conductivity as 
high as 75% IACS. Alloy C19400 also has a 
small percentage (ca. 0.1296) of zinc for im- 
proved control over process annealing. 


Alloy C19500 is the next commercially im- 
portant alloy in the high-copper series. It con- 
tains iron, phosphorus, tin, and cobalt as 
strengtheners and deoxidizers. The precipita- 
tion of intermetallic particles of iron, phos- 
phorus, and cobalt is used to gain strength, and 
the tin is also a solid-solution strengthener. In 
the annealed, fully precipitated state, the alloy 
develops an ultimate tensile strength of 410 
MPa with an electrical conductivity of 5596 
IACS. Through cold work after the precipita- 
tion anneal, an ultimate tensile strength in ex- 
cess of 670 MPa can be attained. 


Another alloy in the system of high coppers 
is C 19600, consisting of copper iron-phos- 
phorus. This alloy 1s very similar to C19200, 
except it has slightly higher phosphorus con- 
tent. Its mechanical properties are similar to 
those of C19200. The higher phosphorus 
seems to increase precipitation, so the electri- 
cal conductivity is higher. 


The high-strength coppers are further de- 
scribed in Table 3.7. 


3.3 Wrought Brasses 


The series of alloys from which a majority 
of the industry’s products are made are the 
copper-zinc alloys — the brasses (С20000- 
С29999). The most popular alloy of the group 
is C26000 (cartridge brass, 70/30 brass). 


Copper 
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Table 3.7: Wrought high-strength coppers. 


Permissible 


Description, properties Uses 


HC copper iron, a high-strength moder- 
ate-conductivity alloy: tubing with elec- automotive hydraulic 
trical conductivity of 50% IACS and 


tubing: heat exchangers, 


brake linings strip: elec- 


hard-drawn tensile strength of 390 MPa, trical connectors, con- 
hard-temper strip with electrical conduc- tact springs, lead 
tivity 60% IACS and tensile strength of frames, gaskets, hollow- 


450 MPa 


HSM copper, similar to C19200, strip or electronic connectors 
welded tube, hard-temper tensile strength and contacts, lead 

of 450 MPa, electrical conductivity var- frames, cable shielding, 
ies: 35% IACS (welding), 65% [ACS 


ware 


gasketing 


(normal), 70% IACS (high condition) 


UNS(ISO) Alloying і ii Density, 
alloy elements, % (max), P g/cm 
C19200 Си98.7 8.87 
Fe 0.8-1.2 
P 0.01-0.04 
C19400 Си97.0 Pb 0.03 8.77 
Fe 2.1-2.6 
Zn 0.05-0.20 
P 0.015-0.15 
C19500 — Cu96.0 Zn 0.20 8.91 
Fel0-20 А1002 
Sn 0.10-1.0 РЬ0.02 
P 0.01-0.35 


strescon, similar to C19200, electrical 
conductivity of 50% IACS with а hard- nals, connectors 
temper tensile strength of 590 MPa, ex- 

cellent hot and cold workability 


electrical springs, termi- 


Co 0.30-1.3 


Natural color of the alloy 
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Figure 3.6: The copper-zinc phase diagram [26]. The 
thermal conductivity of the alloys is given as a percentage 
of that of copper. Density, electrical conductivity, and 
thermal conductivity are for 20 *C. 

Zinc is by far the most important alloying 
element in the copper alloys. Zinc is a deoxi- 
dizer, but when it is added in quantities of 5% 
or less, phosphorus may also be added to en- 
sure full deoxidation. As zinc content in cop- 
per is increased, the density, melting point, 
electrical and thermal conductivity, and the 


modulus of elasticity (Young's modulus) de- 
crease, but the strength, hardness, and coeffi- 
cient of expansion increase. 


Figure 3.6 is a copper-zinc phase diagram 
that illustrates some of these effects. The ef- 
fect of zinc content on the color of the alloy is 
also of importance commercially, because 
many brasses are used for decorative pur- 
poses. The red copper color predominates to 
alloy C22600 (12.5% Zn), where a red-gold 
color, very close to that of 18-carat gold, is ev- 
ident. The color then progresses toward a yel- 
low gold on to brass yellow. in the range of 
38% Zn, a buff red color appears, especially 
on the fracture surface. The buff red is a result 
of the presence of the beta phase along with 
the alpha phase and is an indication that the 
beta phase is present. 

The alpha phase has good hot-working 
characteristics, but at the higher zinc content, 
the hot-working temperature range narrows 
perceptibly. With the beta phase present in the 
very high-zinc brasses, hot working improves. 
The alpha phase brasses have good cold-work- 
ing properties, and C26000 exhibits the best 
cold-working properties, especially m deep 
drawing, of any of the copper alloys. When the 
beta phase is present in the very high-zinc 
brasses, cold working is hindered because the 
beta phase has poor cold-working characteris- 
tics. Richer zinc alloys are hot worked to a 


76 


thickness at which additional hot working is 
no longer practical. The hot-worked surface is 
removed by milling, and the metal is subjected 
to a 2-h homogenizing anneal. This causes dif- 
fusion of the zinc, transforming the beta phase 
into alpha phase: good cold-working proper- 
ties are then available. 


There are few other elements alloyed with 
the brasses in the C20000 system. Phosphorus 
is one. When the metal is subjected to a hot 
water environment, 0.02-0.08% As may be 
added to inhibit dezincification (C26310). 
One alloy (C23030) has 0.20-0.40% silicon 
added for additional strengthening and resis- 
tance welding. 


Since the production of the brass alloys re- 
lies predominantly on recycling scrap, impuri- 
ties must be controlled carefully. Impurities 
encountered in the brasses affect processing of 
the metal more than they affect uses. 


When lead approaches 0.025%, the hot- 
working characteristics become impaired. 
Even though industry standards permit 2-3 
times that quantity, the lead must be controlled 
by the brass mills to the lower level. 


Iron is a grain refiner. An annealing cycle 
may be set with the expectation of a specific 
quantity of iron being present. When the alloy 
being processed is low in iron (0.01% Fe), the 
resulling annealed grain sizes may be too 
large, exceeding the specification. When the 
alloy being processed is high in iron (0.025% 
Fe), the resulting grain sizes may be too small. 
Reaunealing the high-iron metal at a higher 
temperature frequently results in critical grain 
growth, and the resulting grain size greatly ex- 
cecds the specification. Commercial standards 
permit 0.05% Fe generally, but intemal con- 
trols must be much tighter. 


Phosphorus impurity levels must be re- 
stricted. If no iron were present, phosphorus 
would be a small problem, but iron is almost 
always present. Phosphoru3 contents > 
0.001% can lead to hot rolling problems and, 
even more lefinitely, loss of grain growth in 
annealing With phosphorus present in the al- 


Alloys 


loy along with iron, the grain refinement is ex- 
treme, making anncals unpredictable. 


Normally silver is counted as copper, with 
little effect on the properties of brass. When 
the brass is used for decorative work or coin- 
uge, however, silver can be a problem, and sil- 
ver-bearing copper scrap cannot be used in 
brass where a true brass color is required. 


Normally nickel is not a problem in brass, 
except in conjunction with iron or iron and 
phosphorus. Then nickel in quantities < 
0.05% can act as an additional grain refiner, 
giving annealing problems in further process- 
ing. Nickel can also act like silver in changing 
the color of the brass. 


Table 3.8 lescribes the more popular brass 
alloys. 


3.4 Wrought Leaded Brasses 


The wrought leaded brasses (C30000 se- 
ries) are brasses to which lead is added. The 
main purpose of adding lead is for machinabil- 
ity. As the quantity of lead increases up to ca. 
3%, the machinability index increases to 100 
FMB for free-ınachining brass (C36000), as 
shown in Figure 3.7. 
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Figure 3.7: The eflect of lead content on the machinabil- 
ity rating for leaded brass alloys. 
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Table 3.8: Wrought copper-zinc alloys (wrought brasses). 


Permissible 


Description, properlies 


commercial bronze (90% Cu), bronze 
color, electrical conductivity of 44% 


3 


Uses 


gilding metal (95% Cu), copper-red color, coins, medals, tokens, 
electrical conductivity of 56% IACS, hard- bullet jackets, em- 
temper tensile strength of 390 MPa 


blems, jewelry, craft 
work 


weather stripping, hard- 
ware, primer caps, cos- 


IACS, hard-temper tensile strength of 420 metic cases, craft work, 


jewelry bronze (87% Cu), red-gold color, 


red brass (85% Cu), gold color, electrical 
conductivity of 37% IACS, hard-temper 
tensile strength of 480 MPa 


low brass (80% Cu), yellow-gold color, 
electrical conductivity of 32% IACS, hard- lions, clock dials, bel- 
temper tensile strength of 510 MPa 


cartridge brass (70% Cu), yellow color, 
electrical conductivity of 28% IACS, hard- cores, bead chain, lamp 


waveguides 
costume jewelry, archi- 


electrical conductivity of 40% LACS, hard- tectural, chain, slide fas- 
temper tensile strength of 460 MPa 


teners, cosmetic 
containers, coinage 
weather stripping, elec- 
trical and electronic 
connectors and con- 
tacts, condenser and 
heat-exchanger tubes, 
flexible hose, coins, 
badges, cosmetic con- 
tainers, jewelry, dials 


coins, tokens, medal- 


lows, flexible hose, 
battery cups 


automotive radiator 


temper tensile strength of 525 MPa, highly fixtures, socket shells, 


susceptible to stress corrosion cracking 


screw shells, eyelets, 
hinges, locksets, car- 
tridge cases, pumps 


arsenical cartridge brass (70% Cu), proper- automotive radiator 
ties essentially same as C26000, arsenic 
helps prevent dezincification in automo- 


tubes 


tive radiator tubes 


yellow brass (66% Cu), greenish-yellow 
color, electrical conductivity of 27% 


automotive radiator 
cores, tanks, reflectors, 


IACS, hard-temper tensile strength of 510 lamp fixtures, bead 


UNS(ISO) Alloying . we Density, 
alloy elements, % ae gem 
C21000 Cu 94.0-96.0 Pb 0.03 ` 8.86 
(CuZn5)  Znremainder Fe 0.05 
C22000 Си 89.0-91.0 Pb 0.05 8.80 
(CuZnl0) Znremainder Fe 0.05 
MPa 

C22600 Си86.0-89.0 Pb 0.05 8.78 

Znremainder Fe 0.05 
C23000 Cu 84.0-86.0 Pb 0.05 8.75 
(CuZnl5) Znremainder Fe 0.05 
C24000 Cu78.5-81.5 Pb 0.05 8.67 
(CuZn20) Znremainder Fe 0.05 
C26000 Cu68.5-71.5 Pb 0.07 8.53 
(CuZn30) Znremainder Fe 0.05 
C26130 = Cu68.5-71.5 Pb 0.05 8.53 

As 0.02-0.08 Fe 0.05 

Zn remainder 
C26800 Си64.0-68.5 Pb 0.15 8.48 
(CuZn33) Znremainder Fe 0.05 

MPa 

C28000 Cu 59.0-63.0 Pb 0.30 8.39 
(CuZn40) Znremainder Fe 0.07 


chain springs, screws 


Muntz metal (60% Cu), golden color, elec- decorative products, 
trical conductivity of 28% IACS, hard- 
drawn tensile strength of 590 MPa, poor 


heat exchangers, braz- 
ing rods, sometimes 


cold-working properties but excellent hot- used to match C23000 
working properties, subject to stress corro- in color 
sion cracking and dezincification 


Because of the lead content, most leaded 
brasses are not easily worked either hot or 
cold. The copper-rich leaded brasses are best 
cold-rolled. The high-zinc-content leaded 
brasses have a good-to-excellent hot work- 
ability. At hot-working temperatures, the al- 
pha-phase crystalline structure 1s transformed 
to the beta-phase crystalline structure. The 
beta phase absorbs the lead and permits hot 
work to be done. Those alloys whose compo- 


` 


sitions skirt the alpha-beta phase boundary 
show good hot workability when in the beta 
phase. The beta phase can then be transformed 
to the alpha phase by diffusion annealing for 
good cold workability. These are the methods 
most brass mills use to cast, hot work, and 
cold work leaded brass alloys economically. 
The lead in leaded brasses improves ma- 
chinability because it is present as small inclu- 
sions, causing the machined chip to break 
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away freely. This reduces the friction against 
the cutting tool, so heat does not build up or 
cause rapid dulling of the tool. Heat is more 
readily dissipated, and lubrication can be more 
beneficial. There may also be some slight lu- 
brication from the lead. 


There is another action operating that en- 
hances the machinability of the leaded 
brasses. When some beta phase is permitted to 
remain, machinability increases. These beta 
particles retard cold workability, increasing 
fracturing tendencies. The beta fractures at the 
tool metal interface, producing essentially the 
same effect as lead. Lead and zinc are not the 
only two elements alloyed in the C30000 se- 
ries. As in the C20000 series, several elements 
are added for special purposes: 


Phosphorus is alloyed in the copper-rich 
leaded brasses to obtain additional deoxidiz- 
ing for added strength and to inhibit dezincifi- 
cation. Nickel is added at times as a 
strengthener. Arsenic (up to 0.25%) is added 
to help inhibit dezincification of the alloy, es- 
pecially in water service. Antimony may be 
added to the leaded brasses for dezincification 
resistance. Quantities up to 0.10% are used. 


Aluminum is added to architectural bronze 
(C38000) to increase the resistance to atmo- 
spheric corrosion of the metal. Small quanti- 
ties (< 0.6%) are added to help develop 
aluminas (aluminum oxides) at the metal sur- 
face to aid in protection from the corrosive ef- 
fect of the environment. 


The effect of impurities in the leaded 
brasses is about the same as in the wrought 
brasses (C20000 series). The one major ele- 
ment that can give trouble is iron. As in the un- 
leaded brasses, iron must be controlled 
carefully because of its effect on the recrystal- 
lization temperature of the alloys. Iron is also 
an effective grain refiner in the C30000 series. 
Table 3.9 contains information on the leaded 
brass alloys. 


Alloys 


3.5 Wrought Tin Brasses 


The copper-zinc-tin alloys (C40000 se- 
ries), more commonly called the tin brasses, 
are probably the most underutilized alloys in 
the copper alloy families. In these alloys, both 
tin and zinc have been added to copper to pro- 
duce alloys that in some compositions are 
stronger, have higher fatigue strength, better 
corrosion resistance, and better stress corro- 
sion resistance than the high-zinc brasses. 
They are more economical than the phosphor 
bronzes (C50000 series) that are frequently 
used when these properties are needed. 


Figure 3.8 illustrates this relationship on 
the basis of tensile strength. The strength of 
some C40000 series alloys is plotted against 
the sum of tin plus zinc alloyed. The strength 
of the C50000 series is plotted against the 
quantity of tin contained, and the strength of 
the C20000 series is plotted against the zinc 
contained. 
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Figure 3.8: Effect of alloying elements on the hard-tem- 
per tensile strength of the alloy series C50000, C40000, 
and С20000. 


The C40000 series found ready use during 
and after World War II as a substitute for the 
phosphor bronze alloys (C50000 series). Tin 
was difficult to obtain and costly, so the tin 
zinc combination was acceptable as a substi- 
tute tor the high-tin alloys, although some 
strength was sacrificed to obtain equal form- 
ability. 


Copper 


Table 3.9: Wrought copper-zinc-lead alloys (wrought leaded brasses). 


UNS (ISO) Alloying impurities Density, 
©, 
alloy elements, % (max.), % g/cm 
C31400 Cu 87.5-90.5 Fe 0.10 8.83 
Pb 13-25 М№0.7 
Zn remainder 


Permissible 


С33000 Cu 65.0-68.0 Fe 0.07 8.50 
Pb 0.25-0.7 
Zn remainder 
C33200 Cu 65.0-68.0 Fe 0.07 
Pb 1.5-2.5 
Zn remainder 
C33500 Cu 62.0-65.0 Fe 0.15 8.47 
(CuZn35- Pb 0.25-0.7 
Pb) Zn remainder 
C34000 Cu 62.0-65.0 Fe 0.15 8.47 
(CuZn35- РЬ 0.8-1.5 
Pb2) Zn remainder 
C34200 Cu 62.0-65.0 Fe 0.15 8.5 
(CuZn34- РЬ 1.5-2.5 
Pb2) Zn remainder 
C35000 — Cu60.0-63.0 Fe 0.15 8.47 
(CuZn37- Pb 0.8-2.0 
РЫІ) Zn remainder 
C36000 Си60.0-63.0 Fe 0.35 
(CuZn36- Pb2.5-3.7 
Pb3) Zn remainder 


Resistance to stress relaxation has become 


Description, properties 


leaded commercial bronze, rich bronze 
color, electrical conductivity of 42% 
IACS, normaily supplied as rod and wire, 
machinability of 8096 


low-leaded brass tubing, yellow color, 
electrical conductivity of 26% IACS, 
machinability of 6096 


high-leaded brass tubing, yellow color, 
electrical conductivity of 26% IACS, 
machinability of 80% 


low-leaded brass, yellow color, electrical 
conductivity of 26% IACS, machinabil- 
ity of 60% 

medium-leaded brass (64,5% Cu), yel- 
low color, electrical conductivity of 26% 
IACS, supplied as bar, strip, rod, and 
wire, machinability of 60% 


high-leaded brass (64.5% Cu), grayish- 
yellow color, electrical conductivity of 
26% IACS, supplied as bar, strip, rod, 
and wire, machinability of 90% 


medium-leaded brass (62% Cu), yellow 
color, electrical conductivity of 26% 
IACS, supplied as bar, strip, rod, and 
wire, machinability of 70% 


free-cutting brass, grayish-yellow color, 
electrical conductivity of 26% IACS, 
supplied as bar, rod, and wire, poor cald 
workability but fair hot workability, ma- 
chinability of 100% 


Uses 


screw machine parts, 
electrical plug-type con- 
nectors, builders hard- 
ware, screws, nuts, bolts 


where degree of ma- 
chinability and cold- 
working properties re- 
quired: pump lines, T- 
bends, trap lines 

same as C33000 except 
greater machinability 


clock parts, hinges 


engravings, gears, nuts, 
bolts, knurled and 
threaded parts 


keys, clock parts, valve 
stems, general screw 
machine parts that also 
require cold working 
such as knurling and 
staking 

clock parts, engravings, 
hinges, hose couplings, 
keys, zinc strainers, 
locks, washers 


hardware parts, gears, 
Pinions, high-speed 
screw-machining com- 
ponents 


In choosing among these alloys tor a partic- 


an important property for many clectrical and 
electronic connectors, which are frequently re- 
quired to function while stressed at elevated 
temperatures. Examples are those found in 
computers and in the engine compartments of 
automobiles. Under such conditions, the 
spring member of a connector pair tends to re- 
lax, and a poor electrical connection results. 
The brasses, adequate for many room-temper- 
ature uses, may lose contact force at moder- 
ately high temperatures. The tin brasses have 
somewhat better resistance to stress relaxation 
than the brasses at temperatures up to 75 “С. 
(The phosphor bronzes have better resistance 
than the tin brasses.) 


ular use, strength, formability, stress relax- 
ation resistance, and cost effectiveness all are 
factors that need to be considered. One of the 
stronger alloys, such as C42500, might be just 
as suitable as the higher cost phosphor 
bronzes. Full testing of prototype parts under 
working conditions is always recommended. 


The wrought tin brasses (C40000 series) 
can be subgrouped by the products or the 
forms in which these alloys are supplied and, 
consequently, how products are applied in 
their ultimate use: 


е Alloys С40000-С43600, supplied most fre- 
quently in sheet and strip form, with minor 
quantities in rod, wire, and tube 
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ө Alloys C44300-C49080, supplied most fre- 
quently in bar, rod, wire, or tube, with minor 
quantities in sheet and plate 

In the alloys C40000-C43600, tin contents 
range from 0.25-3.0%. Zinc contents range 
from 4-11.5%. No other elements are added 
to these alloys except in C42100, which con- 
tains 0.35% Mn. Manganese is a deoxidizer, is 
a very moderate strengthener, increases elec- 
trical resistance, and might be beneficial for 
welding. Tin is a potent strengthener when it is 
added to copper. Zinc is also a good strength- 
ener, but considerably higher quantities of 
zinc are needed to provide the equivalent of 
the strengthening provided by tin. 

One of the important characteristics of 
these alloys is that their susceptibility to stress 
corrosion cracking is quite low. In applica- 
tions in which the strength of a high-zinc brass 
is needed, but in which applied stresses would 
make the part subject to stress corrosion fail- 
ure, an alloy like C42200 or C42500 can be 
used, and stress corrosion failure is most un- 
likely. 

In the alloys C44300-C49080, several ele- 
ments are added to the copper tin-zinc system 
for special purposes, depending on fabricat- 
ing methods and ultimate use of the product. 
Several alloys have up to 0.25% As, 0.10% 
Sb, or 0.10% P added to minimize dezincifica- 
tion. Alloys C47600—C48600 have up to 2.5% 
lead added for machinability. Small amounts 
of manganese (0.1%) may be added to im- 
prove the hardness, or nickel (0.3%) may be 
added for higher strength or corrosion resis- 
tance. Table 3.10 describes the most widely 
used tin brasses. 


3.6 Wrought Tin Bronzes 
and Brazing Alloys 


In general, the wrought tin bronzes 
(C50000 series) provide the best combination 
of strength, electrical conductivity, and resis- 
tance to corrosion, as well as great versatility. 
The wrought tin bronzes can be classified into 
three subgroups: 


Alloys 


e Alloys containing copper, tin, and phospho- 
rus (C50100-C52400) usually produced as 
strip, rod, or wire (small amounts of other 
elements possibly present) 


ө Leaded bronzes (С53200-С54800) avail- 
able in plate, sheet, strip, rod, wire, or bar 


e Copper-phosphorus and copper-silver- 
phosphorus alloys (C55180-C55284) pro- 
duced mainly as rod or wire products 
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Figure 3.9: Copper-tin phase diagram. Maximum com- 
mercially usable tin content is 10%, as indicated. 


3.6.1 Phosphor Bronzes 


The term phosphor bronze usually refers to 
the alloys C50100-C52400. The name phos- 
phor bronze might imply a high phosphorus 
content, but these are copper tin alloys that 
contain 0.01-0.35% P for deoxidation. 

The tin content is of paramount importance 
in this group of alloys. Figure 3.4 shows that 
additions of tin to copper reduce the electrical 
conductivity substantially. The maximum 
amount of tin that can be tolerated in wrought 
alloys is 10% (Figure 3.9). Above 10%, as the 
copper-tin phase diagram indicates, a second 
phase is formed. This second phase is brittle 
and can be neither hot-worked nor cold- 
worked. In practice, alloys containing 596 Sn 
cannot be hot-worked readily. 


Copper 


Table 3.10: Wrought copper-zinc-tin alloys (wrought tin brasses). 


Permissible 


os ge " impurities pis i Description, properties Uses 
(max.), % 
C40500 Cu94.0-96.0 Pb 0.05 8.83  high-conductivity bronze, electrical con- electrical meter clips, 
Sn 0.7-1.3 Fe 0.05 ductivity of 41% IACS, hard-temper ten- terminals, fuse clips, 
Zn remainder sile strength of 440 MPa contact springs, washers 
С41100 С89.0-92.0 Pb 0.10 8.80  lubaloy, electrical conductivity of 32% bushings, electrical con- 
Sn 0.30-0.7 Fe 0.05 IACS, hard-temper tensile strength of ductors, thrust washers, 
Zn remainder 460 MPa flexible metal hoses, 
bearing sleeves 
C42200 Cu 86.0-89.0 Pb 0.05 8.80  lubronze, electrical conductivity of 31% sash chains, electrical 
Sn 0.8-1.4 Fe 0.05 IACS, hard-temper tensile strength of terminals, connectors, 
Zn remainder 500 MPa springs, washers, fuse 
chips 
C42500 Cu 87.0-90.0 Pb 0.05 8.78  lubaloy X, electrical conductivity of 28% electrical switch 
Sn 1.5-3.0 Fe 0.05 IACS, hard-temper tensile strength of springs, terminals, con- 
Zn remainder P 0.35 520 MPa nectors, contacts, fuse 
clips, pen clips, weather 
stripping 
C44300 — Cu70.0-73.0 Pb 0.07 8.53 arsenical admiralty, electrical conductiv- condenser tubes and 
(CuZn28- Sn0.8-1.2 Fe 0.06 ity of 25% IACS, hard-temper tensile plates, heat-exchanger 
Snl) As 0.02-0.06 strength of 670 MPa tubing, ferrules, strain- 
Zn remainder ers 
C46400 Cu 59.0-62.0 Pb 0.20 8.41 uninhibited naval brass, electrical con- condenser plates, weld- 
(CuZn38- $n 0.50-1.0 Fe 0.10 ductivity of 26% IACS, quarter-hard- ing rods, marine hard- 
ӛп1) Zn remainder temper tensile strength of 480 MPa ware, balls, nuts, bolts 
(hardest temper available), machinabil- 
ity of 30% 
C46500 Си 59.0—62.0 Pb 0.20 8.41 arsenical naval brass, electrical and me- same as C46400 where 
Sn 0.50-1.0 Fe 0.10 chanical properties same as C46400 protection to dezincifi- 
As 0.02-0.06 cation is warranted 
Zn remainder 
С48200 Cu 59.0-62.0 Fe 0.10 8.44 medium-lead naval brass, electrical and same as С46400, espe- 
(CuZn37- Pb 0.40-1.0 mechanical properties, same as C46400, cially where better ma- 
SnPb) Sn 0.50-1.0 machinability of 50% chinability is required 
Zn remainder 
C48500 Cu59.0-62.0 Fe 0.10 8.44 high-lead naval brass, electrical and me- same as C46400, espe- 
(CuZn37- Pb 1.3-2.2 chanical properties same as C46400, ma- cially where better ma- 
Pb25Sn) Sn0.50-1.0 chinability of 70% chinability is required 


Zn remainder 


Tin is a low-melting-temperature element, 
and the temperature range between liquidus 
and solidus is quite large. During the solidifi- 
cation of castings, tin-rich molten metal solid- 
ifies last. Capillary action through the 
dendritic structure and pressures exerted by 
the solidifying copper-rich metal push the 
low-melting tin-rich liquid to the casting sur- 
face. This is called inverse segregation. (Seg- 
regation created through solidification is 
usually near the center of the cast bar.) A gray 
delta surface results, which is quite brittle and 
must be removed prior to working. 


When inverse segregation takes place, the 
tin content in the interior of the casting is re- 
duced and may not meet the minimum tin con- 
tent. Inverse segregation is more prevalent in 
alloys containng > 5% Sn, leading many 
manufacturers to cast such alloys continu- 
ously in thin slabs (12 mm thick). Continuous 
casting minimizes inverse segregation through 
rapid and uniform heat removal. 


Figure 3.10 illustrates the effect of increas- 
ing the tin content in the copper-tin alloys. 
Figure 3.8 shows that increasing the tin con- 
tent increases the ultimate tensile strength. In 
addition, the spring-temper fatigue strength 
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increases. All of the mechanical properties, es- 


E 
pecially the fatigue strength, of alloy C51000 E 
are increased as the tin and phosphorus are = 
raised toward the maximum of the limits spec- 850 ш 
um ` B л 
ified. However, hot rolling becomes тоге dif- 9 50 с 
ficult. Therefore, when the alloy istomeetthe — .. 100 
most demanding standards, it is usually cast 7.40 E 
continuously in thin bars, rather than hot 5 Electrical E 
А А = 30 conductivity а. 
rolled, so the tin апа phosphorus can бе main- 5 200 € = 
. . эг" ч - 
tained toward the maxima of the specified S 5, m 
ranges and the metal toward the mechanical = 150 £ 
property maxima needed for some uses. When = 10 100 ® 
the additional requirement of 20% IACS min- 3 0 Ж 
. + "D " po m 
imum electrical conductivity is specified for 727% 6 8 0 2 * 
C51100, however, the tin and phosphorus con- lin, % ——e 
tents must be held low. Figure 3.10: Effect of tin in the C50000 series of alloys. 
Table 3.11: Wrought copper-tin alloys (wrought phosphor bronzes). 
: Permissible ; 
m BR "B У impurities poe , Description, properties Uses 
y ements,% (max), % 1 
С50500  SnLl0-17  Pb0.05 8.89  phosphor bronze, 1.2596 E: electrical electrical contacts, con- 
(CuSn2) Р0.03-0.35 Ее0.10 conductivity of 4896 IACS, hard-temper nectors, flexible hose, 
Cu remainder Zn 0.30 tensile strength of 440 MPa telephone contacts, lead 
frames 
C51000 5п4.2-58 РЬ0.05 8.86 phosphor bronze, 5% A: electrical соп- bridge bearing plates, 
(CuSn4)  P0.03-0.35 Fe 0.10 ductivity of 15% IACS, hard-temper ten- beater bars, bellows, 
Cu remainder Zn 0.30 sile strength of 560 MPa bourdon tubing, electric 
and electronic contacts 
and connectors, springs, 
brushes, washers 
C51100 85п3.5-49 Pb0.05 8.86 phosphor bronze, 4%: electrical conduc- electrical and electronic 
(CuSn4)  P0.03-0.35 Fe0.10 tivity of 20% IACS, hard-temper tensile connectors and contacts, 
Curemainder Zn 0.30 strength of 550 MPa switches, springs 
C52100 85п7.0-90 РЬ0.05 8.80 phosphor bronze, 8% С: electrical con- similar to those for 
(CuSn8)  P0.03-0.35 Fe 0.10 ductivity of 3% IACS, hard-temper ten- C51000 
Cu remainder Zn 0.20 sile strength of 640 MPa, greater fatigue 
life than С51000 
C52400 5п9.0-110 Pb0.05 8.78 phosphor bronze, 10% D: electrical con- similar to those for 
(CuSn10) P0.03-0.35 Fe 0.10 ductivity of 11% IACS, hard-temper ten- C51000, bridge com- 
Cu remainder Zn 0.20 sile strength of 690 MPa, greater fatigue pression and expansion 
life than C5 1000 plates, springs 


Table 3.12: Wrought copper-tin-lead alloys (wrought leaded phosphor bronzes). 


UNS(ISO) Alloying Poms Density, 


alloy elemenis, % энең g/cm Description, properties Uses 
С54400 РЬ3.5-4.5 Fe 0.10 8.89 phosphor bronze, B-2: electrical conduc- sleeve and thrust bear- 
(CuPb5- Sn 3.5-4.5 tivity of 19% IACS, hard-temper tensile ings, bushings, screw 
Sn5Zn5 Zn 1.5-4.5 strength of 550 MPa, machinability of | machine products, 
P 0.01-0.50 80% thrust washers, wear 


plates 


Copper 


The only other elements alloyed in the 
phosphor bronzes are either nickel (0.10- 
0.40%) or iron (0.05-0.15%) to give extra 
strength or to act as grain refiners. As in many 
other alloys, the primary impurity that can be a 
problem is iron. Iron, being the strong grain 
refiner that it is, must be controlled to avoid 
annealing problems. Table 3.11 describes the 
most popular phosphor bronzes. 


3.6.2 Leaded Phosphor Bronzes 


The alloys C53200-C54800 are the leaded 
phosphor bronzes. These alloys are used pri- 
marily for bearings. Alloyed with copper, the 
content is ca. 4% tin (3.5-6.0% Sn), 4% lead 
(0.8-6.0% Pb), and 0.296 phosphorus (0.1— 
0.5% P). With this high lead content the metal 
cannot be hot-worked. The most popular alloy 
of this group is C54400, which contains, be- 
sides the tin and lead, about 496 zinc (1.5- 
4.596). This “444” alloy has excellent wearing 
properties, is easily cold-worked, and is 
readily machined (80 FMB). The zinc in- 
creases the hardness. The lead is actually high 
enough to be a lubricant when the alloy is used 
as a bearing surface. Table 3.12 further de- 
scribes alloy C54400. 


3.6.3 Brazing Alloys 


The alloys C55180-C55284 are copper- 
phosphorus or  copper-silver-phosphorus 
brazing alloys normally supplied in the form 
of wire, rolled preforms, or powder. These are 
specialty alloys, which fit a special niche in 
the copper alloy system. 


The copper-phosphorus alloys (C55180 
and C55181) contain 4.8-7.5% P. The phos- 
phorus is alloyed not only for deoxidation, but 
also to provide a low melting temperature and 
increase the fluidity. This helps the molten al- 
loy flow between the mating surfaces during 
brazing. 

The copper-silver-phosphorus alloys have 
a similar purpose. The phosphorus content 
ranges from 4.8 to 7.2% and provides for 
deoxidation, low melting temperature, and 
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fluidity. The silver content ranges from 1.8 to 
15.5%. As the silver content increases, the 
melting point of the alloy decreases (Figure 
3.11). This alloy system currently provides 
four alloys of different melting temperatures. 
The silver in the alloy establishes the melting 
temperature to be used for brazing. If two or 
more joints must be made in close proximity, 
but not at the same time, the first braze should 
be made with an alloy of higher melting tem- 
perature than the second. Table 3.13 describes 
these brazing alloys. 
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Figure 3.11: Copper-silver phase diagram [29]. 


Table 3.13: Wrought copper-phosphorus and copper-sil- 
ver-phosphorus alloys (wroughi brazing alloys). (Sup- 
plied as rod, wire, and some brazing preforms; not 
suitable for brazing copper-nickel alloys containing 20% 
Ni.) 


a 
UNS Alloying AWS filler Solidus, Liquidus, 
(ISO) A metal о o 
elements, % В Я с 
alloy designation 
С55180 P 4.8-5.2 BCuP-1 710 900 
Curemainder 
С55181 P 7.0-7.5 BCuP-2 710 790 
Cu remainder 
C55283 Ag 5.8-6.2 BCuP-4 640 725 
P 7.0-7.5 
Cu remainder 
C55284 Ag 14.5-15.5 BCuP-5 640 800 
Р 4.8-5.2 
Cu remainder 


a AWS = American Welding Society. 
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3.7 Wrought Specialty Alloys 


The special alloys (C60000 series) have 
seen a major expansion by manufacturers 
seeking stronger alloys that have good form- 
ing properties and good conductivity. The se- 
ries covers basically the copper-aluminum 
alloys (aluminum bronzes), the copper-silicon 
alloys (silicon bronzes), and miscellaneous 
copper-zinc alloys (special brasses). 

The search for a "stainless brass" that had 
the architectural ability of stainless steel to 
form a protective oxide led to the specialty 
bronzes. The development of these alloys in 
the 1960s and 1970s did not produce a stain- 
less brass, but did present some new high- 
strength alloys with good formability and 
good tarnish resistance. Many of these new al- 
loys are used extensively in electrical and 
electronic spring connectors. 

When aluminum- or silicon-bearing cop- 
per alloys are annealed in atmospheres con- 
taining oxygen, the resultant oxide film is 
quite tenacious and insoluble in the normal 
cleaning solutions used in most brass mills. 
Special cleaning solutions and abrasive tech- 
niques must be employed to remove these ox- 
ide films. When such alloys are soldered or 
welded, special fluxes are required to dissolve 
the oxides, thus permitting the solder to wet 
the metal. 

The alloys are used extensively for their de- 
sirable attributes. The use of either aluminum 
or silicon as an alloying element decreases the 
density substantially below that for most of 
the copper alloys. Figure 3.12 illustrates the 
marked effect of alloying aluminum with cop- 
per on the density of the alloy. 

Both aluminum and silicon are strengthen- 
ers. Alloys with high strength and excellent 
forming properties permit a fabricator to em- 
ploy thinner metal without reducing the 
strength of the fabricated part. The lower den- 
sity and the reduced thickness permit more 
pieces to be manufactured from a kilogram of 
these alloys than could be manufactured from 
a kilogram of conventional copper alloy. 

The specialty copper alloys are subdivided 
into three categories: (1) copper-aluminum al- 


Alloys 


loys (aluminum bronzes), (2) copper-silicon 
alloys (silicon bronzes), (3) miscellaneous 
copper-zinc alloys. 


Density, g/cm? 


7.25 
Cu 2 ІА 6 8 10 12 
Aluminum, % —— 


Figure 3.12: Density of copper-aluminum alloys. 


3.7.1  Copper-Aluminum Alloys 
(Aluminum Bronzes) 


The copper-aluminum alloys (C60000- 
C64500) contain between 2 and 15% Al, pos- 
sibly with other alloying elements. When cold 
finished products are to be manufactured, the 
aluminum content is limited to 9%. The alloy 
is then an alpha solid solution, which has good 
cold ductility and may be either cold- or hot- 
worked. These alloys may be supplied as strip 
or sheet, as well as hot-worked forms. 

Above 9% Al, the beta phase is present, 
which inhibits cold-working but facilitates 
hot-working. As a result, most alloys contain- 
ing > 9% Al are supplied as rod, wire, or hot- 
forgings. 

Some alloys that contain 8-9% Al may re- 
quire a special annealing processing to trans- 
form the beta phase to alpha to facilitate cold- 
working. This processing is similar to the dif- 
fusion anneal used for the high-zinc alloy. 

In addition to copper and aluminum, these 
alloys may contain one or more other ele- 
ments. 


Copper 


Table 3.14: Wrought copper-aluminum alloys (wrought aluminum bronzes). 


Permissible 


Poe 9) B SA impurities poer i Description, properties 
* (max.), ?6 
C60600 Al 4.0-7.0  Fe0.50 8.17 aluminum bronze, 5%: grade A: electrical 
Cu remainder conductivity of 17% IACS, hard-temper 
tensile strength of 410 MPa, available as 
sheet, strip, and rolled bar 
C61000 Al6.0-8.5 Pb 0.02 7.78 aluminum bronze, 8%: electrical conduc- 
(CuAl8 Cu remainder Fe 0.50 tivity of 15% IACS, hard-temper tensile 
Zn 0.20 strength of 480 MPa, available as rod and 
Si 0.10 wire 
C61300 Fe 2.0-3.0 РЬ 0.01 7.95 aluminum bronze, 7%: electrical conduc- 
(CuAI7- 86п0.20-0.50 Zn 0.10 tivity of 12% IACS, hard temper tensile 
Fe3Sn AI 6.0-7.5 Мп0.20 strength of 590 MPa, magnetic permeabil- 
Si 0.10 ity of 1.16 u 
Ni 0.15 
P 0.015 
for welding 
also: 
Cr 0.05 
Cd 0.05 
Zr 0.05 
Zn 0.05 
C61400 Fe 1.5-3.5 РЬ 0.01 7.89 aluminum bronze, 7%: electrical conduc- 
(CuAI8- AI6.0-8.0 Zn 0.20 tivity of 14% IACS, hard-temper tensile 
Fe3) Cu remainder Mn 1.0 strength of 610 MPa, magnetic permeabil- 
Р0.015 ity of 1.16 р 
C61500 А17.7-8.3 Pb 0.015 7.69  lusterloy, gold color, electrical conductiv- 
Ni + Co 1.8- ity of 12.6% IACS, hard-temper tensile 
2.2 strength of 860 MPa, available in strip 
C62300 Fe2.0—40 Sn0.6 7.64 aluminum bronze, 9%: electrical conduc- 
(CuAllO- А18.5-100 Mn 0.50 tivity of 12% IACS, typical tensile 
Fe3) Si 0.25 strength of 610 MPa, available as bar and 
Ni+Co 1.0 rod 
C62400 Fe 2.04.5 Sn 0.20 7.45 aluminum bronze, 11%: electrical conduc- 
AI 10.0-11.5 Mn 0.30 tivity of 12% IACS, typical tensile 
Cu remainder Si 0.25 strength of 655 MPa, magnetic permeabil- 
ity of 1.34 u, available as rod and bar 
C63200 Fe 3.5-4.3 РЬ 0.02 7.64 nickel aluminum bronze, electrical con- 
(CuAI9- А18.7-9.5 510.10 ductivity of 7% IACS, hard-temper tensile 
FeNi4) Mn 1.2-2.0 strength of 640-720 MPa, depending on 
Ni + Co 4.0- heat treatment, magnetic permeability of 
4.8" 1.04 u, available as rod, Баг, and forgings 
C63800 А12.5-51 РЬ 0.05 8.28  coronze, electrical conductivity of 10% 
8115-21 Fe 0.20 IACS, hard-temper tensile strength after 
Co 0.25-0.5 Zn 0.8 precipitation heat treatment of 830 MPa, 
Cu remainder Mn 0.10 available as strip and sheet 
Ni + Со 0.20 
C64400 А13.5-4.5 РЫ 0.03 8.03 C644, electrical conductivity of 15% 
Si0.8-1.3 Fe 0.05 IACS, hard temper tensile strength after 
Ni + Co 4.2- Sn 0.10 precipitation heat treatment of 950 MPa, 
5.0 Zn 0.20 available as strip and sheet 


Cu remainder 


a Nicontent must exceed Fe content. 


Aluminum bronze alloys may contain up to 
4.5% Fe. The iron enhances corrosion resis- 
tance and is a strong grain refiner both for cast 


Uses 


fasteners, deep drawn 
“gold” decorations and 
jewelry, parts for corro- 
sion resistance 


bolts, shafts, pump parts 
and tie rods, welded 
overlay on steel for 
wear properties 


fasteners, tube sheets, 
welded tubes, heat-ex- 
changer tubes, acid-re- 
sistant piping, water 
boxes, other corrosion- 
resistant vessels 


same as C61300 


hardware, decorative 
metal trim, deep drawn 
shells, jewelry 


bearings, bolts, nuts, 
bushings, gears, cams, 
pump rods 


gears, wear plates, nuts, 
bolts, drift pins 


nuts, bolts, shafts, pro- 
pellers, spark-resistant 
parts 


electronic connectors, 
switches, springs, con- 
tacts 


electronic connectors 
and contacts, switches, 
springs 


grains and for the following anneals. Iron is 
also a strengthener, increasing both the cold- 
worked and annealed strengths. As the iron 
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content increases, the magnetic permeability 
(the ability of the alloy to attract a magnet) in- 
creases. This can hinder the use of high-iron 
alloys in electronics, communications, com- 
puters, etc. 


Aluminum bronze alloys may contain up to 
2% Sn. The addition of tin improves the pro- 
tection from dealuminification due to oxidiz- 
ing corrosion of salt water. Tin is also an 
additional strengthener. 


Alloyed in aluminum bronzes up to a maxi- 
mum of 6%, nickel is used basically to prevent 
dealuminification with the additional function 
of a stabilizer to help control the annealed 
properties. Manganese is usually alloyed up to 
3.5% in the aluminum bronzes, although one 
alloy may contain up to 14% Mn (C63380). 
The manganese is a deoxidizer and a strength- 
ener. The high-manganese aluminum bronze 
alloys (Heusler alloys) have special magnetic 
properties. 


Additions of up to 3% Si may be made to 
the aluminum bronzes and still maintain good 
fabricating qualities. Silicon, another element 
that increases the strength of the alloy, also 
improves the fluidity for casting and improves 
weldability. Additions of up to 0.35% As may 
be made to the aluminum bronzes to improve 
the oxidation corrosion resistance to reduce 
dealuminification. Additions of up to 0.55% 
Co are made to act as strengtheners and addi- 
tional preventors of dealuminification due to 
saltwater corrosion. 


The impurity levels generally are main- 
tained closely, as are the alloying elements 
within their designated limits. In many cases, 
the ranges for the alloying elements may be 
more closely confined internally than the 
ranges officially stated in the literature, to aid 
in processing. Some consequences of exceed- 
ing the stated composition limits are as fol- 
lows: 


ә Exceeding the impunity limits of zinc, tin, 
lead, silicon, or phosphorus may cause 
cracking during hot-working (hot shortness) 
and cause problems during subsequent 
welding. 


Alloys 


e Exceeding the silicon content may cause 
machining difficulties later. 


e Exceeding the manganese limits may reduce 
the normal corrosion resistance. 


e Exceeding the aluminum content decreases 
ductility (leading to ductility cracking dur- 
ing fabrication) and corrosion resistance. 
Table 3.14 discusses the major aluminum 
bronze alloys. 
1200 


Liquid (LI 


1000 


800 


Temaerature, ?C 


600 


400 
Cu 2 4 6 
Silicon, %--- 


Figure 3.13: Copper-silicon phase diagram [30, p. 483]. 


3.7.2 Copper-Silicon Alloys 
(Silicon Bronzes) 


Silicon may be alloyed with copper up to 
4%, which is the limit for the alpha structure, 
to give the silicon bronzes (C64700—C66100). 
Figure 3.13 is a partial copper-silicon phase 
diagram, which clearly illustrates this alloying 
limitation. Beyond this limit, the alloy has 
poor working qualities, exhibiting a brittleness 
due to the presence of the gamma phase. The 
addition of silicon rapidly increases the work 
hardening rate, but ductility in the annealed 
state is high. The addition of silicon decreases 


Copper 


the density, the electrical conductivity, and the 
melting point of the alloys. One important at- 
tribute of silicon is that it improves the resis- 
tance to stress relaxation. The improved 
fluidity gives excellent welding qualities to 
the copper-silicon alloys. 


In addition to copper and silicon, the silicon 
bronzes may contain other alloying elements. 


Lead is added in small quantities (< 0.8%) 
to help improve the machinability of the alloy. 
Zinc is added in a low-silicon alloy as a 
strengthener and (possibly) an additional 
deoxidizer. Tin additions are made to improve 
corrosion resistance and improve fatigue 
strength. The addition of manganese to an al- 
loy improves the microstructure through grain 
refinement. Manganese also improves the 
welding quality. Nickel, especially in the low- 
silicon alloys, is a strengthener. (Cobalt in 
small quantities is difficult to separate from 
nickel during refining; thus cobalt is counted 
as nickel.) Chromium is added to aid in grain 
refinement throughout the processing. Chro- 
mium may increase the alloy’s resistance to 
stress relaxation. 


For the silicon bronzes, the elements sin- 
gled out as impurities include lead, iron, tin, 
zinc, aluminum, manganese, and nickel, al- 
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though in specific alloys, one or more of these 
elements may be an alloying element. 


Table 3.15 describes the major silicon 
bronze alloys. 


3.7.3 Miscellaneous Copper—Zinc 
Alloys 


More highly alloyed than the copper-zinc 
alloys described in section 3.3, the alloys 
C66400—C69999 include alloys with a variety 
of chemical compositions, mechanical and 
physical properties, and uses. Zinc is the most 
popular alloying element, and the strength im- 
parted is generally directly proportional to the 
zinc content. The addition of three or more al- 
loying elements may drastically change the 
properties of the alloy. 


Addition of up to 3% Pb, most frequently 
an impurity, sometimes improves machinabil- 
ity. Addition of up to 4% Fe is quite often used 
as a grain refiner and as a strengthener for spe- 
cial products. Addition of up to 1.5% Sn im- 
proves the strength of some alloys. The 
ductility in the annealed state also is improved 
by the tin. Addition of up to 2.3% Ni helps to 
control in-process conditions and to increase 
strength. 


Table 3.15: Wrought copper-silicon alloys (wrought silicon bronzes). 


Permissible 


UNS(ISO) Alloying : BE Density, 
alloy elements, % ae g/cm 
C65100 Si0.8-2.0 Pb 0.05 8.75 
(CuSil) Cu remainder Fe 0.8 
Zn 1.5 
Mn 0.7 
C65400 Sn 1.2-1.9 РЬ 0.05 8.55 
Si2.7-3.4 Zn 0.50 
Cr 0.01-0.12 
Cu remainder П 
laxation 
C65500 Mn 0.50-1.3 Pb 0.05 8.53 
(CuSi3- 512.8-38 Fe0.8 
Mnl) Cu remainder Zn 1.5 
Ni * Co 0.6 


Description, properties 


ultronze, electrical conductivity of 7% 

IACS, hard-temper tensile strength of 790 
MPa, available as sheet and strip, thermal 
treatment enhances resistance to stress re- 


high-silicon bronze A, electrical conduc- 
tivity of 726 IACS, hard-temper tensile 
strength of 650 MPa, available as strip, 
wire, rod, and tubing 


Uses 


low-silicon bronze B, electrical conductiv- hardware, bolts, car 
ity of 12% IACS, hard-temper tensile 
strength of 655 MPa, available as rad, 
wire, and tubing 


Screws, nuts, marine 
hardware, heat-ex- 
changer tubes, welding 
rod, hydraulic pressure 
lines, rivets, U-bolts 


electronic contacts, 
springs, connectors 


hardware, bolts, burrs, 
clamps, hinges, nails, 
nuts, screws, bearing 
plates, bushings, aircraft 
hydraulic lines, chemi- 
cal containers 
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Addition of up to 6% Al imparts greater 
hardness (strengthener) and, in lower quanti- 
ties, also imparts greater ductility. Except for 
three special-purpose alloys (C66900, 
C69900, and C69910), manganese is limited 
to 5%. Several alloys in this series are listed as 
manganese brasses or manganese bronzes. 
Manganese is a strong deoxidizer, but it also 
adds strength to the alloys and is a grain re- 
finer. The three special-purpose alloys 
(C66900, C69900, and C69910) were initially 
developed as brazing alloys and sound-dead- 


Table 3.16: Miscellaneous wrought copper-zinc alloys. 


Alloys 


ening alloys, e.g., Incramute. However, pro- 
duction problems and other, more efficient 
products eliminated their market. 

Addition of up to 4.5% Si improves the 
work hardening rate and, thus, the strength. 
The resistance to stress relaxation is im- 
proved, and in addition, the resistance welding 
properties are greatly improved. 

Where cobalt is added to a copper-zinc alu- 
minum alloy, it forms a fine precipitate that is 
an excellent strengthener. Cobalt is added in 
quantities up to 0.7%. 


f Permissible ; 
kp Grae Alloy inp elementi, impurities wee. d Description, properties Uses 
alloy З (тах.), % 
C66400 Fe 1.3-1.7 Pb 0.015 8.74 cobron, electrical conductivity of 30% electronic contacts, 
Co 0.30-0.7 Sn 0.05 IACS, hard-temper tensile strength of switches, spring wash- 
Fe + Со 1.8-2.3 N10.05 610 MPa, available as strip and sheet ers, fuse clips, connec- 
Zn 11.0-12.0 A10.05 tors, terminals 
Cu remainder Mn 0.05 
Si 0.05 
P 0.02 
Ag 0.05 
C66700 Cu + Ag 68.5-71.5 РЬ0.07 8.53 manganese brass, electrical conductiv- resistance-weldable 
Mn 0.8-1.5 Fe 0.10 ity of 17% IACS, hard-temper tensile brass products 
Zn remainder strength of 540 MPa, available as 
strip, sheet, rod, and wire 
V67500 Cu + Ag 57.0-60.0 Pb 0.20 8.36 manganese bronze A, electrical con- automotive clutch disks, 
(CuZn39-. Fe 0.8-2.0 А10.25 ductivity of 24% IACS, half-hard- | pump rods, shafting, 
AlFeMn) Sn0.50-1.5 temper tensile strength of 410 MPa, pump balls, valve stems 
Mn 0.05-0.06 available as rod and hot forged parts and bodies 
Zn remainder 
C68700 Cu + Ар 76.0-79.0 Pb 0.05 833 arsenical aluminum brass, electrical condenser, evaporator, 
(CuZn20- А11.8-2.5 Fe 0.20 conductivity of 23% IACS, soft-tem- and heat-exchanger 
Al2As) As 0.02-0.06 per tensile strength of 410 MPa, avail- tubes, especially for salt 
Zn remainder able as soft tubing water 
C68800 Zn 21.3-24.1 Pb 0.05 8.20 alcoloy, electrical conductivity of 18% springs, switches, elec- 
At 3.0-3.8 Fe 0.20 [ACS, hard-temper tensile strength of trical and electronic 
Co 0.25-0.55 780 MPa or 750 MPa (resistant to contacts, relays, con- 
Al + Zn 25.1-27.1 stress relaxation), available as strip | nectors, plus recepticals 
Cu + Ag remainder 
C69000 Си+ Ag 72.0-74.5 Pb 0.025 8.20 high-strength copper alloy, electrical same as C68800 
Ni + Co 0.50-0.8  Fe0.5 conductivity of 18% IACS, hard-tem- 
Al 3.0-3.8 per tensile strength of 780 MPa, avail- 
Zn + Al 25.1-27.1 able as strip 
Zn remainder 
C69400 Cu + Ag 80.0-83.0 Pb 0.30 8.19 silicon red brass, electrical conductiv- corrosion-resistant 
Si 3.5-4.5 Fe 0.20 ity of 6.2% IACS, 1/8th-hard-temper valve stems, forged or 
Zn remainder tensile strength of 690 MPa, available screw machined parts 
as rod and forged parts 
C69910 Fe 1.01.4 Pb 0.01 7.7 cobraze, rolled-temper tensile strength brazing alloy with good 
Zn 3.0-5.0 of 690 MPa, available in strip (< 1 mm wettability and anti- 
Al 0.25-0.8 thick) gravity flow 
Mn 28.0-32.0 


Cu + Ag remainder 


Copper 


Small additions of up to 0.8% As are added 
to this series of alloys because they contain 
zinc. The arsenic acts as a corrosion inhibitor 
to minimize dezincification. 

Addition of up to 0.06% P ensures total 
deoxidation, with some strengthening of the 
alloys. Phosphorus also inhibits dezincifica- 
tion, as does antimony. 

Table 3.16 describes selected alloys. 


3.8 Wrought Copper-Nickel 
Alloys 


The last series of wrought copper alloys is 
the C70000 alloy series, which basically con- 
sists of the copper nickel alloys, with other el- 
ements added for specific purposes. The alloy 
series is subdivided into two distinct groups: 


e Copper-nickel alloys (C70100-C72900) 


e Copper-nickel-zinc alloys (the nickel sil- 
vers, С73200-С79900) 

Each of these groups may be divided further 

into two subgroups, as discussed later. 

The copper-nickel equilibrium diagram, 
Figure 3.14, shows that the two elements are 
completely soluble in each other in both the 
liquid and the solid states. This permits the full 
range of copper-nickel (copper-rich) alloys 
and nickel-copper (nickel-rich) alloys. 

The color of the copper-nickel alloys de- 
pends on the percentage of nickel in the alloy, 
ranging from the red of pure copper, through 
rose, to near-white as 30% Ni is approached. 
If a color match between alloys is required, as 
in souvenir coinage, the alloy makeup must be 
carefully controlled. 


Liquid (LI 


9с 


Temperature, 
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Figure 3.14: Copper-nickel phase diagram |30, p. 475]. 
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Figure 3.18: Strengthening of copper by alfoying with 
nickel. 

The 30% Ni of alloy C71500 represents the 
present maximum nickel content in most cop- 
per alloy plants because the high processing 
temperatures during casting and hot-rolling 
are generally the maximum operating temper- 
atures in the plants. 


As nickel is alloyed to copper in increasing 
quantities, the tensile strength generally in- 
creases. The percent elongation decreases ini- 
tially, but levels off. These effects are 
illustrated in Figure 3.15. Therefore, the 
strength of the alloy is increased with little 
loss in ductility, as measured by the percent 
elongation. However, this relationship is not 
generally observed in commercial products, 
since few pure copper-nickel alloys are used. 
Usually one or more other elements are al- 
loyed with the copper-nickel, which drasti- 
cally changes this relationship. 


3.8.1 Cupronickels 


The copper-nickel alloys can be further 
subdivided into two subgroups: 


e Alloys C70100-C71700, the major addi- 
tional elements being iron and manganese, 
with minor amounts of other elements 


Table 3.17: Wrought copper-nickel alloys. 


Permissible 


Alloys 


UNS (ISO) Alloying р m Density, Еа К 
alloy elements, % МА ЖИЕ ку Description, properties Uses 
С70400 Fe 1.3-1.7  Pb0.05 8.94 copper nickel, 5%: silver-rose color, elec- condensers, evaporator 
(CuNi5- Ni+Co4.8- Zn 1.0 trical conductivity of 14% IACS, hard- and heat-exchanger 
FelMn 6.2 temper tensile strength of 440 MPa, corro- tubes, plates, ferrules 
Mn 0.30-0.8 sion resistant, cheaper but less corrosion 
Cu + Ag resistant than C70600, available as strip 
remainder and tube 
C70600 Ее 1.0-1.8 Mn1.0 8.94 copper nickel, 10%: silver-pink color, condenser, distiller 
(CuNil0- Ni+Co9.0— Zn 1.0 electrical conductivity of 9% IACS, hard- tubes, evaporators and 
FelMn 11.0 Pb 0.05 temper tensile strength of 520 MPa, excep- heat exchangers, fer- 
Си + Ag tionally resistant to seawater, available as rules, seawater boat 
remainder strip and tube hulls 
C71000 М+Со Pb 0.05 8.94 copper nickel, 20%: pale silver color, elec- communication relays, 
(CuNi20- 19.0-23.0 Fe 1.0 trical conductivity of 6.5% IACS, hard- electrical springs, con- 
MniFe) Си+ Ag Zn 1.0 temper tensile strength of 520 MPa, avail- denser plates, automo- 
remainder Mn 1.0 able as strip and tube tive oil coolers, ferrules, 
resistors 
С71300 Nit+Co Pb 0.05 8.94 copper nickel, 25%: gray-silver color, U.S. coinage: the five- 
(CuNi25) 23.5-26.5 Fe0.20 electrical conductivity of 6% JACS, hard- cent piece (the nickel) 
Cu + Ag Zn 1.0 temper tensile strength of 530 MPa, avail- and the surface of the 
remainder Mn 1.0 able as strip ten-cent through one- 
dollar coins 
C71500 Fe 0.40-1.0 Pb 0.05 8.94 copper nickel, 30%: gray-white color, condensers, evapora- 
(CuNi30- Мі + Со Zn 1.0 electrical conductivity of 4.6% IACS, tors, distiller tubes, fer- 
MniFe)  29.0-330 Мп10 hard-temper tensile strength of 565 MPa, rules, saltwater pipes, 
Cu + Ag should be annealed before soldering, avail- and other saltwater uses 
remainder able as plate, strip, rod, and tube 


e Alloys C71900-C72900, the other alloying 
elements becoming more and more effec- 
tive, generating alloys that have little resem- 
blance to the first group 

The alloys C70100-C71700 are primarily 
copper-nickel alloys to which iron and/or 
manganese are added. 

Iron is an important element in the copper- 
nickel alloy system. Addition of up to 2.3% Fe 
increases the strength with little loss in ductil- 
ity. Iron also greatly improves the corrosion 
resistance of the alloys. Where the copper- 
nickel alloys have been used in saltwater envi- 
ronments without the iron addition, the cop- 
per-nickel products rapidly corrode by pitting. 
Replacement by alloys with the same 
copper:nickel ratio, but with 1.4% Fe, al- 
lowed the product to last for years. 

Thermal treatments should be used to en- 
sure that the iron is in solution in the micro- 
structure, especially in alloys C70600 and 
C71500. Initially, the iron must be placed in 
solution, and this can be done dunng the hot- 
working stage. Subsequently, all annealing op- 


erations must be followed by a cold-water 
quench to ensure that the iron stays in solu- 
tion. If the iron does precipitate, the corrosion 
resistance and formability are seriously dimin- 
ished. 

Up to a maximum of 2.5% Mn is added as a 
deoxidizer and a strengthener. Beryllium is 
added to one alloy (C71700) to generate a 
high-strength copper-nickel-beryllium alloy. 

In addition, a new alloy (C70320) has been 
developed, containing no iron or manganese 
but which has up to 1.2% АІ, 1.296 Si, and 
0.50% Cr. These elements are strengtheners 
and deoxidizers, but no published data are 
presently available to reveal the effects of this 
interesting combination of elements. 

The major copper-nickel alloys in this sub- 
group are described in Table 3.17. 

The alloys C71900--C72900 contain some 
of the most interesting alloys presently avail- 
able from the copper-nickel system. Several 
of the alloys are hardened through a spinodal- 
decomposition hardening mechanism. Spin- 
odal structures may be developed in alloy sys- 


Copper 


tems that have a miscibility gap, with one 
phase separating out of the other during cool- 
ing in the gap. The spinodal structure is 
formed when an alloy in the system (in this 
case, the copper-nickel-tin system) is heated 
to a temperature above the miscibility gap, 
held at that temperature long enough for the 
metal to reach equilibrium, then rapidly 
quenched to a temperature within the gap, and 
held at that temperature long enough for the 
spinodal! decomposition to reach completion. 


The spinodal structure, in this case, is at- 
tributed to the uniform dispersion of tin-rich 
regions in the copper-rich matrix. The struc- 
ture consists of an ordered, three-dimensional 
array of the tin-rich crystals. Under the high 
magnification of the electron microscope, the 
homogenized structure appears as a tweed or 
tightly woven cloth. Some spinodal-decompo- 


Table 3.18: Wrought copper-nickel and other element alloys. 
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sition alloys have been manufactured for com- 
mercial use, but little has been published on 
their properties. The only spinodal alloy now 
available is C72900. Other alloys in this sub- 
group are also described in Table 3.18. 


3.82 Copper-Nickel-Zinc Alloys 


The alloys commonly called nickel silvers 
were formerly called German silver. They 
contain no silver except as a possible impurity. 
The history of German silver goes back to the 
time when the middle classes in Europe were 
first forming. They wanted eating utensils (ta- 
ble flatware and hollowware) that had the ap- 
pearance of the silver pieces used by the rich, 
but at a lower price. These alloys were devel- 
oped in Germany to meet this need; hence, the 
term German silver arose. 


і Permissible Я 
PNS (SO) Alloying elements, impurities vin > Description, properties Uses 
М (max.), % в 
C71900 Мі + Со 28.0-33.0 Pb 0.015 8.85 copper nickel chromium bearing, electri- heat exchangers, 
Mn 0.20-1.0 Fe 0.50 cal conductivity of 4.4% IACS in spinod- water boxes, ferrules 
Cr 2.2-3.0 Zn 0.05 ally decomposed condition, tensile 
Zr 0.02-0.35 С0.04 strength оҒ540 MPa, available in pipe and 
Ti 0.01-0.20 Si 0.25 tube 
Cu + Agremainder S 0.015 
P 0.02 
C72200 Fe 0.50-1.0 Pb 0.05 8.94 copper nickel chromium bearing, electri- heat exchangers, 
Ni *Co15.0-18.0 Zn 1.0 cal conductivity of 6.5396 IACS, hard- saltwater boxes 
Cr 0.30-0,7 Mn 1.0 temper tensile strength of 480 MPa, avail- 
Cu + Ag remainder Si 0.03 able in pipe and tube 
Ti 0.03 
C72400 № + Со 11.0-15.0 Pb 0.05 8.59 copper nickel aluminum, electricalcon- electrical and elec- 
Al 1.5-2.5 Fe 0.10 ductivity of 10% IACS, solution heat- tronic contacts, con- 
Mg 0.05-0.40 Zn 0.50 treated tensile strength of 1000 MPa, nectors, springs 
Cu + Ag remainder Sn 0.05 available in strip 
Mn1.0 
C72500 | Ni*Co8.5-10.5 Pb0.05 8.89 copper nickel tin bearing, electrical con- electronic connec- 
Sn 1.8—2.8 Fe 0.6 ductivity of 11% IACS, hard-temper ten- tors and contacts, 
Cu + Agremainder Zn 0.50 sile strength of 570 MPa, not spinodally lead frames, 

Mn 0.20 decomposable but thermal treatment fol- switches, springs, 
lowing finish rolling develops ahardening sensing bellows 
precipitate that improves formability; 
available in strip, rod, wire, and tube 

C72900 | Ni*Col4.5-15.5 Pb0.02 894  pfinodal, electrical conductivity of 8% condensers, evapo- 
Sn 7.5-8.5 Fe 0.50 IACS, tensile strength of 860 MPa (spin- rators, distiller 
Mn 0.05-0.30 Zn 0.50 odally decomposed from hard temper), tubes, ferrules, salt- 
Cu + Agremainder Nb 0.10 rolled by using powder-metaliurgical water pipes, and 
Mg 0.15 techniques because a brittle, unremovable other saltwater uses 


Ni-Sn segregate develops in the liquid 
state; available in strip 
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Figure 3.16: Strengthening of copper by alloying with a 
combination of zinc and nickel [26]. AS is the difference 
between the yield strength and the tensile strength. 


The copper-nickel-zinc alloys are strong 
and ductile; therefore, they have many uses. 
This group may be further divided into two 
subgroups: 


e Alloys C73200-C77600 (except C76300 
and C76390, which contain lead and other 
alloying elements and, thus, are grouped be- 
low) are nonleaded copper-nickel-zinc al- 
loys. 


e Alloys C78200-C79900 are copper-nickel- 
zinc alloys that also contain lead and addi- 
tional alloying elements. 


The copper-nickel-zinc alloys increase in 
strength as the nickel and zinc additions in- 
crease. Figure 3.16 shows this: At hard temper 
the tensile strength increases, while the rela- 
tive elongation remains steady. The plot of the 
difference between the yield strength and the 
tensile strength, AS, against this combination 
shows that AS follows the tensile strength, in- 
dicating that the higher strength does not di- 
minish the formability. 


Alloys 


These alloys generally exhibit good corro- 
sion resistance, but they are somewhat suscep- 
tible to stress corrosion cracking. There are a 
few additional elements alloyed. 


Up to 0.35% Mn is added in two of the al- 
loys for deoxidation. Manganese may be 
added many times, but in quantities below the 
permitted impurity level, as a precaution and 
aid in deoxidation. Up to 0.25% Si is added at 
times to improve casting fluidity and strength. 


These alloys are described in Table 3.19. 


The leaded copper-nickel-zinc alloys have 
a specific quantity of lead added to improve 
the machinability of the alloy. 


These alloys were used extensively for the 
manufacture of keys, especially automotive 
ignition and door keys. The strength and the 
wearing properties of the keys made from 
these alloys were superior and permitted long 
use without fear of the key breaking off in the 
lock. This resulted in the thought that a silver 
key was a sign of quality. However, these keys 
were partially replaced by less expensive keys 
made from nickel-plated leaded brass or alu- 
minum. With the advent of color-anodized 
aluminum keys, the market was even more 
rapidly eroded. Keys made of nickel silver are 
still superior, but not easily obtained today. 
With the loss of this large market, the supply 
of alloy has shrunk to that required by a rela- 
tively small specialty market. 


The alloys are expensive because they re- 
quire special care in manufacturing. They can- 
not be hot-rolled, and they work harden 
rapidly, necessitating a greater number of an- 
neals during processing. 


Elements other than nickel and zinc may be 
added. 


Lead may be added to improve the machin- 
ability of the alloy. The maximum quantity al- 
lowable is 3.596. Up to 2.5% Mn may be 
added for deoxidation and as a strengthener. 
Up to 0.6% Sn may be added to improve the 
strength of the alloy. 


The most important alloy in this group is 
described in Table 3.20. 


Copper 


Table 3.19: Wrought copper-nickel-zinc alloys (wrought nickel silvers). 


1 Permissible : 
s 0) eee Б ^ impurities De z Description, properties Uses 
(max.), % 
C73500 Cu 70.5-73.5 Pb0.10 8.83 nickel silver, 18%: electrical conductivity deep drawn shells requir- 
Ni + Co 16.5- Fe 0.25 of 8% IACS, hard-temper tensile strength ing high strength and 
19.5 Mn 0.50 of 545 MPa, normally available as strip in good corrosion resistance, 
Zn remainder soft condition for deep drawing e.g., ballpoint ink tubes 
C74300 Си63.0-66.0 Pb 0.10 8.65 nickel silver, 8%: electrical conductivity flatware and hollowware 
Ni + Co 7.0- Fe 0.25 of 10% IACS, hard-temper tensile for silver plate 
9.0 Mn 0.50 strength of 640 MPa, available as strip 
Zn remainder 
C74500 Cu 63.5-66.5 Pb 0.10 8.69 nickel silver, 65-10: electrical conductiv- rivets, screws, slide fas- 
(CuNil0- Ni+Co9.0- Fe 0.25 ity of 9% IACS, hard-temper tensile teners, eyeglass frames, 
Zn25) 11.0 Mn 0.50 strength of 590 MPa, available as strip, hollowware, nameplates 
Zn remainder rod, bar, and wire 
C75200 Cu 63.5-66.5 Pb 0.05 8.73 nickel silver, 65-18: electrical conductiv- rivets, screws, flatware 
(CuNil8- Ni 16.5-19.5 Fe 0.25 ity of 6% IACS, hard-temper tensile for silver plating, truss 
Zn20) Znremainder Mn 0.50 strength of 590 MPa, available as strip, wire, camera parts, eye- 
rod, and wire glasses, jewelry, etching 
stock, radio dial 
C75400 | Cu63.5-66.5 Pb 0.10 8.69 nickel silver 65-10: electrical conductiv- camera parts, optical 
(CuNil5- М№ + Co 14.0- Fe 0.25 ity of 7% IACS, hard-temper tensile parts, etching stock, jew- 
Zn21) 16.0 Mn 0.50 strength of 590 MPa, available as strip, elry 
Zn remainder rod, and wire 
C75700 Cu 63.5-66.5 Pb 0.05 8.69 nickel silver, 65-12: electrical conductiv- same as C75400 
(CuNil2- Ni + Co 11.0- Fe 0.25 ity of 8% IACS, hard-temper tensile 
Zn24) 13.0 Mn 0.50 strength of 590 MPa, available as strip, 
Zn remainder bar, rod, and wire 
C77000 | Cu$3.5-56.5 Pb 0.05 8.70 nickel silver, 55-18: electrical conductiv- optical goods, springs, re- 
(CuNil8- Мі + Co 16.5- Fe 0.25 ity of 5.5% 1ACS, hard-tempertensile sistance, wire 
Zn21) 19.5 Mn 0.50 strength of 690 MPa, available as strip, 
Zn remainder rod, and wire 


Table 3.20: Wrought copper-nickel-zinc-lead alloys (leaded nickel silvers). 


Permissible 


UNS (ISO) Alloying мөр Density, 
alloy elements, % (max), % gem? 
C78200 | Cu63.0-670 Ее0.35 8.69 
Pb 1.5-2.5 Mn 0.50 
Ni + Co 7.0-8.0 


Zn remainder 


3.9 Casting Alloys 


The C80000 and C90000 series of alloys 
constitute the copper alloys that are supplied 
as castings. When a product cannot be manu- 
factured from wrought alloy, casting is the 
next choice. Castings are used generally be- 
cause the desired configuration cannot be 
made economically from wrought material ei- 
ther by rolling, stamping, drawing, forming, 
extruding, or a combination of these metal- 


Description, properties Uses 


leaded nickel silver, 65-8: electrical con- key blanks, watch parts 
ductivity of 10.996 IACS, hard-temper 

tensile strength of 590 MPa, machinabil- 

ity of 60%, available as strip 


forming operations. These cast alloys differ 

from the wrought alloys in several respects. 

ө The cast alloys are not worked easily, either 
hot or cold; therefore, casting must be near 
final shape except for simple machining. 

e Although some of the same alloying ele- 
ments are used in both the wrought and the 
cast alloys, alloying elements such as lead, 
tin, iron, and aluminum аге generally 
present in greater amounts in castings than 
in wrought alloys. The alloying elements are 
added in casting alloys to improve the metal 
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flow, the cast structure, or the strength. 
Some alloying elements cannot be used in 
wrought alloys because of the problems 
they would cause in processing and end use. 


e The impurity levels in casting alloys can be, 
and generally are, higher because the mate- 
rial is not worked. 


ө The electrical conductivity of cast products 
is lower than that of wrought products be- 
cause of the structure, even for pure copper. 

In selecting an alloy for a part, many factors 
must be considered: strength, machinability, 
corrosion resistance, fatigue resistance, casta- 
bility, metal cost, dimensions, tolerances, final 
cast, resistance to wear, lubricity in operation, 
etc. 


3.9.1 Cast Coppers 


The cast coppers C80000-C81200 are used 
in the as-cast condition. They are not easily 
cast, usually having a narrow solidification 
range requiring extra risers to facilitate cast- 
ing. At times, chills, insulating sleeves, and 
topping compounds help and may reduce the 
required risers. 

Cast coppers are soft and easily deformed, 
especially when compared to higher alloyed 
casting alloys. Since they are castings, they 
must be machined to obtain the necessary fit. 
The low machinability ratings (e.g, 10% 
FMB) make the cast coppers difficult to work 
with. Since the tumings are long, tough, and 
stringy, a chip breaker is helpful. Sulfur-free 
coolants should be employed to avoid contam- 
ination. If sulfurized oils must be used, parts 


Alloys 


must be cleaned immediately after machining 
to avoid staining. 

Alloy C80500 contains at least 0.034% Ag. 
None of the cast coppers can be heat treated to 
improve the hardness, but the addition of sil- 
ver, as in the wrought copper alloys, contrib- 
utes to a higher softening temperature and 
improved elevated-temperature properties. 
The alloy is easily soldered and brazed, but 
has limited weldability. Alloy C80500 gener- 
ally corrodes like copper. 

Alloy C81100 has about the same charac- 
teristics as C80500 except, lacking silver, it 
does not have the higher softening tempera- 
ture and improved elevated-temperature prop- 
erties. Further information on these two cast 
coppers is found in Table 3.21. 


3.9.2 


The high-copper alloy castings, С81300- 
C82900, generally contain 2 94% Cu, with ad- 
ditions of beryllium or chromium to permit 
heat treating to improve the strength of the 
casting. The general characteristics of the al- 
loys are the same as for the cast coppers, ex- 
cept that the higher alloying contents lower 
the thermal and electrical conductivities. As 
with the coppers, machining is difficult and re- 
quires special attention. Parts that may be so- 
lution annealed and aged are best machined 
after the solution anneal, with grinding after 
aging to obtain a proper fit. Care must be 
maintained during machining and grinding to 
avoid overheating the part even slightly; over- 
heating can cause hard and/or soft spots to oc- 
cur. 


High-Copper Alloys 


Table 3.21: Cast coppers. 


UNS (ISO) Alloying ea Density, Method of 
alloy elements, % ах ),% gem? — casting" 
С80500 Cu + Ag В 0.02 8.94 ABDEFG 
99.75 
Ag 0.034 
C81100 Cu+ Ag Р +81 0.01 8.94 ABDEFG 
99.70 


Description, properties Uses 


boron-deoxidized copper, electri- electrical and thermal 
cal conductivity of 9196 IACS, conductors, heat sinks, 
typical tensile strength of 170 corrosion- and oxida- 
MPa, machinability of 1096 tion-resistant uses 
copper, electrical conductivity of electrical and thermal 
92% IACS, typical tensile conductors, heat sinks, 
strength of 170 MPa, machinabil- corrosion- and oxida- 
ity of 1096 tion-resistant uses 


a Methods of casting: a = centrifugal; B = continuous; C = die; D= 


method. 


investment, E = permanent mold, F = plaster; G = sand; H = other 


Copper 


Table 3.22: High-copper alloys — castings. 


Permissible 


UNS (ISO) Alloying impurities Density, Method of 
alloy elements‘, % (max.), % g/cm casting 
C81400 Си98.5 8.81 ABDEFG 
Be 0.01-0.10 
Cr 0.6-1.0 
c81500 Cu 98.0 Si 0.15 8.81 ABDEFG 
Cr 0.40-1.5 Fe 0.10 
Al 0.10 
Sn 0.10 
Pb 0.02 
Zn 0.10 
C82000 Cu 95.0 810.15 8.62 ABDEFGH 
Be 0.45-0.8 Ni 0.20 
Co + Ni 2.4- Fe 0.10 
2.7 Al 0.10 
Sn 0.10 
Pb 0.02 
Zn 0.10 
Cr 0.10 
C82200 Cu 96.5 8.75 ABDEFG 
Be 0.35-0.8 
Ni 1.0-2.0 
C82500 Си95.5 Ni 0.20 826 ACDEFGH 
Be 1.90-2.15 Fe 0.25 
Co + Ni AI 0.15 
0.35-0.9 Sn 0.10 
Si 0.20-0.35 Pb 0.02 
Zn 0.10 
Cr 0.10 
C82800 Cu 94.8 Ni 0.20 8.09 ADEFGH 
Be 2.50-2.75 Fe 0.25 
Co+Ni AI 0.15 
0.35-0.7 Sn 0.10 
810.20-0.35 Pb 0.02 
Zn 0.10 
Cr 0.10 


Description, properties Uses 


beryllium-modified chrome electrical components 
copper, electrical conductivity meeting RWMA class II 
of 70% IACS, typical tensile standards 

strength of 365 MPa (heat 

treated); Be ensures Cr kept un- 

der control, allowing produc- 

tion of consistently high- 

quality chrome copper cast- 

ings; machinability of 2096 


chrome copper, electrical con- electrical or thermal 
ductivity of 90% IACS, typi- conducts requiring 
cal tensile strength of 365 MPa greater strength than 
(heat treated), machinability of C81100 

20% 


beryliium copper casting alloy resistance welding tips, 
10C, electrical conductivity of holders, and arıns; cir- 
48% IACS, typical tensile cuit-breaker parts, 
strength of 690 MPa (heat switch-gear parts, sol- 
treated), machinability of 40% dering-iron tips 


beryllium copper casting alloy seam welder elec- 

30C, 35C, or 53B, electrical trodes, spot-welding 

conductivity of 48% IACS, — tips, beam welder 

typical tensile strength of 655 shapes, water-cooled 

MPa (heat treated), machin- holders, clutch rings, 

ability of 4096 brake drums, arms 
bushings for resistance 
welding 


beryllium copper 20C, electri- mold for forming plas- 
cal conductivity of 20% IACS, tics, die casting plunger 
typical tensile strength of 1100 tips, safety tools, bear- 
MPa (heat treated), machin- | ings, gears, wear parts; 
ability of 3096 communication, textile, 
aerospace; firearms and 
ordnance parts 


beryllium copper alloy 275c, — high-fluidity alloy for 

electrical conductivity of 19% molds for forming plas- 

IACS, typical tensile strength tics where casting must 

of 1140 MPa (heat treated), replicate the details with 

machinability of 3096 fidelity; cams, bush- 
ings, valve and pump 
parts; firearms and ord- 
natice parts 


a Minimum, except for ranges. 
b Method of casting codes аге explained in Table 3.21. 

Alloy C81400 is a low beryllium-chro- 
mium copper alloy, and alloy C81500 is a 
chromium copper alloy. The latter has a much 
higher electrical thermal conductivity, since 
beryllium drastically affects conductivity. Al- 
loy C81500 is the more desirable alloy of the 
two. 


Alloys C82000, C82200, C82500, and 
C82800 are coppers with varying contents of 
beryllium, cobalt, and nickel. As total alloying 
content increases, the strength of the casting 
increases. Alloys C82500 and C82800 have 
small additions of silicon that aid in castabil- 
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ity, with some additional strengthening of the 
cast. 

Further detailed information on the high- 
copper casting alloys is located in Table 3.22. 


3.9.3 Copper-Tin-Zinc and 
Copper-Tin-Zinc-Lead Alloys 


The C83000-C85900 category of copper 
alloy castings is varied, covering a broad 
range of alloys. The lower numbered alloys 
have lower zinc contents. There are three sub- 
groups: the “red brasses” (С83000-С83900), 
the “semi-red brasses” (С84000-С84900), 
and the “yellow brasses” (С85000-С85900). 

The alloys between C83000 and C83900 
were formerly called red or leaded red brasses. 
These moderate-strength (240 MPa) alloys are 
mostly specialty alloys having specialized in- 
dustrial applications (except for C83600 and 
C83800). They contain enough lead to greatly 
improve the machinability (34% FMB for 
С83300 to 90% FMB for C83800), which is 
important for making the casting useful. 

The two most popular alloys, C83600 and 
C83800, are readily cast with normal quality 
casting procedures. Heavy cross sections up to 
5 cm must be specially handled because of the 
wide solidification range — approximately 
140 °C. A mushy layer forms during solidifi- 
cation and can result in micro or interdentritic 
shrinkage. However, special casting proce- 
dures can prevent this shrinkage. Alloy 
C83800 has somewhat lower mechanical 
properties, but its better machinability and 
lower cost sometimes favor it over C83600. 
Both alloys are readily joined by using soft 
soldering and brazing, although external stress 
should be avoided during brazing, for any 
stress may cause fracturing. These two alloys 
constitute the largest tonnage of copper cast- 
ing alloys. Where corrosion resistance, leak 
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tightness, and high operating temperatures are 
required, the tin bronze alloys (С90000- 
C91900) are preferable. 

The alloys between C84000 and C84900 
were formerly called semi-red or leaded semi- 
red brass. The zinc content is greater, while 
the copper content is lower than for the first 
subgroup, but these alloys still have a red hue. 
Higher lead contents improve machinability. 
The alloys also have a broad solidification 
range and the resultant shrinkage problems. In 
addition, these alloys tend to retain gas, lead- 
ing to additional unsoundness. To control the 
gas and improve castability, small quantities 
of a deoxidizer (e.g., 15% P-Cu) are added to 
the melt prior to casting. These alloys also suf- 
fer from hot shortness. Alloys C84400 and 
C84800 are the most popular alloys of this 
subgroup. Generally speaking, these alloys are 
low in price and readily worked. 

The third subgroup of the copper tin-zinc- 
lead alloys, C85000 and C85900, were for- 
merly called the yellow and yellow leaded 
brasses because, having less copper and more 
zinc, the alloys take on the yellow hue of 
brass. These alloys are used extensively for 
die casting. This alloy subgroup is represented 
by C85200 and C85700. The high zinc content 
makes the metal cost less than the other 
C83000-C85900 alloys. The two are readily 
cast. Gas absorption 1s insignificant because 
of the built-in protection of the evolving zinc 
vapors. However, the evolving zinc vapors 
must be rapidly oxidized; otherwise, the zinc 
severely corrodes the metallic structures, such 
as the casting dies, leading to a short die life. 
When increased fluidity is desired to produce 
a smoother surface, up to 0.25% Al can be 
added. All the alloys С83000-С85900 may be 
readily nickel or chromium plated. Additional 
information on these three subgroups of alloys 
is found in Tables 3.23--3.25. 
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Table 3.23: Copper-tin-zinc-lead casting alloys. 


UNS(ISO)  Alloying 
alloy elements, % 
C83600 Cu+Ni 
(CuPb5- 840-86.0 
Sn5Zn5) Sn4.0-6.0 
Pb 4.0-6.0 
Zn 4.0-6.0 
C83800 Cu+Ni 
82.0-83.8 
Sn 3.3-4.2 
Pb 5.0-7.0 
Zu 5.0-8.0 


Permissible 
impurities 
(max.), % 

Fe 0.30 

Sb 0.25 

Ni+Co1.0 

80.08 

P 0.05 

A! 0.005 

Si 0.005 


Fe 0.30 

Sb 0.25 

Ni +Co 1.0 
S 0.08 

P 0.03* 

Al 0.005 

Si 0.005 


Density, Method of 


g/cm casting* 
8.83 ABDG 
86 ABG 


a Method of casting cores are explained in Table 3.21. 
b For continuous casting, P = 1.5% max. 


Description, properties 


ounce metal, 85-5-5-5: electrical 
conductivity of 15% [ACS, typi- 
cal tensile strength of 225 MPa, 
machinability of 84% 


hydraulic bronze, 83-4-6-7: elec- 
trical conductivity of 15% IACS, 
typical tensile strength of 240 
MPa, machinability of 90% 


Table 3.24: Semi-red brass and leaded semi-red brass casting alloys. 


UNS (ISO) 
alloy 


Alloying 
elements, % 


C84400 Cu+ Ni 

78.0-82.0 
Sn 2.3-3.5 
Pb 6.0-8.0 


Zn 7.0-10.0 


C84800 Cu+Ni 
75.0-77.0 
Sn 2.0-3.0 


Pb 5.5-7.0 


Permissible 
impurities 
(max.), % 

Fe 0.40 

Sb 0.25 

Ni + Co 1.0 
80.08 

р 0.02* 

Al 0.005 

Si 0.005 


Fe 0.40 

Sb 0.25 
Ni+Co 1.0 
8 0.08 


Zn 13.0-17.0 P 0.02* 


Al 0.005 
Si 0.005 


Density, Method of 


g/cm? casting 
87 АВС 
86 АС 


a Method of casting cores are explained in Table 3.21. 
b For continuous casting, Р = 1.5% max. 


Description, properties 


value metal, 81-3-7-9: electrical 
conductivity of 16.4% IACS, typ- 
ical tensile strength of 230 MPa, 
machinability of 90% 


plumbing goods brass, 76-2'/,- 
6'/,-5: electrical conductivity of 
16.4% IACS, typical tensile 
strength of 260 MPa, machinabil- 
ity of 90% 


Table 3.25; Yellow brass and leaded yellow brass casting alloys. 


UNS(ISO) Alloying Permissible 
alloy elements, % рев 
(max.), % 
С85200 Cu 70.0-74.0 Fe 0.6 
$n0.7-2.0 Sb0.20 
Pb 15-38 Ni+Co1.0 
Zn 20.0-27.0 8 0.05 
P 0.02 
Al 0.005 
$10.05 
C85700 Си 58.0-64.0 Fe 0.7 
(CuZn33- Sn0.50-1.5 Bi+Co 1.0 
Pb2) Pb 0.8-1.5 А108 


Zn 32.0-40.0 Si 0.05 


Density, Method of 


g/cm’ casting? 
850 AB 
840 AEFG 


a Method of casting cores are explained in fable 3.21. 


Description, properties 


high-copper yellow brass, 71-1-3- 
24: electrical conductivity of 
18.6% IACS, typical tensile 
strength of 260 MPa, machinabil- 
ity of 80% 


leaded yellow brass, 63-1-1-35: 
electrical conductivity of 22% 
IACS, typical tensile strength of 
340 MPa, machinability of 80% 


Uses 


general casting alloy 
that is sound and ma- 
chinable, low-pressure 
valves, pipe fittings, 
plumber hardware, 
small gears, gasoline 
and oil line fittings 


same as C83600 except 
higher machinability 
rating, plumbing fit- 
tings, pump, hardware, 
carburetors 


Uses 


low-pressure valves 
and fittings, omamen- 
tal castings, plumbing 
supplies and fixtures 


plumbing cocks, fau- 
cels, stops, and wastes, 
air and gas line fittings, 
general hardware fit- 
tings, low-pressure 
valves and fittings 


Uses 


plumbing fittings and 
fixtures, ferrules, low- 
pressure valves, hard- 
ware fittings, ornamen- 
tal brass, chandeliers, 
irons 


bushings, hardware fit- 
tings, omamental cast- 
ings, lock hardware 
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Table 3.26: Manganese and leaded manganese bronze casting alloys. 


UNS(ISO) Alloying Permissible Density, Method of 
alloy elements, % (ЖОК); % g/cm” casting’ 

C86300 Cu 60.0-66.0 Sn 0.20 77  ADEFG 
(CuZn25- Zn 22.0-28.0 Pb 0.20 
Al6Fe3- Fe2040 МізСо10 
Mn3) А15.0-7.5 

Mn 2.5-5.0 
C86500 Си 55.0-60.0 Sn 1.0 83  ADEFG 
(CuAn35- Zn 36.0-42.0 Pb 0.40 
AlFeMn) Fe0.40-2.0 Ni+Co1.0 

А10.50-1.5 

Mn 0.10-1.5 


a Method of casting cores are explained in Table 3.21. 


3.9.4 Copper—Manganese Alloys 


The casting alloys C86000-C86900 are 
sometimes called manganese or leaded man- 
ganese bronze alloys. Lead improves the ma- 
chinability but a loss in strength may result 
when the lead content exceeds 0.1%. 


The chemical composition must be main- 
tained during melting, especially the copper 
and zinc percentages. The foundry practice of 
“flaring”, or heating the melt until zinc distills 
from the melt, resulting in the loss of zinc, 
changes the chemical composition and thus 
the mechanical properties of the casting, and 
should be avoided. Rather, the proper pouring 
temperature should be determined and main- 
tained by better foundry practice. 


The two most common alloys in this group 
are C86300 and C86500. The former has high 
tensile strength (760 MPa), while the latter has 
low tensile strength (450 MPa). Both have 
good corrosion resistance, especially to sea- 
water. Alloy C86500 may be soldered or 
brazed with good results, but alloy C86300 
does not lend itself to soldering or brazing be- 
cause of the beta phase present, although it 
may be joined by using coated-metal arc weld- 
ing. Stress relief annealing following joining 
is recommended for either alloy. 


Further information on these two cast al- 
loys is located in Table 3.26. 


Description, properties Uses 


manganese bronze (110 000 psi), extra-heavy-duty, 
electrical conductivity of 9% high-strength alloy for 
IACS, typical tensile strength of gears, cams, bearings, 
820 MPa, machinability of 8% _screw-down nuts, hy- 
draulic cylinder parts 


manganese bronze (65 000 psi), 
electrical conductivity of 21% 
IACS, typical tensile strength of 
490 MPa, machinability of 26% 


parts in contact with 
Íresh or salt water re- 
quiring strength and 
toughness, e.g., propel- 
ler blades, hubs, gears, 
liners 


3.9.5 Copper-Zinc-Silicon Alloys 


The casting alloys C87000-C89900 are 
also called silicon bronze or silicon brass al- 
loys. They have relatively high strength (aver- 
age 600 MPa tensile strength) with good 
corrosion and wear resistance. The two alloys 
C87500 and C87800 have very similar chemi- 
cal composition, but quite different applica- 
tions. 

Alloy C87500 is a general casting alloy, 
having excellent foundry properties. It has 
good machinability (50% FMB) with moder- 
ately high strength (460 MPa). It has good 
weldability with both oxyacetylene and metal- 
lic arc methods, and has excellent soldering 
and brazing characteristics. Alloy C87500 is 
also highly resistant to dezincification under 
most corrosive environments. 

Alloy C87800 is a die-casting alloy. Its 
chemical composition must be carefully con- 
trolled, especially with regard to impurities. It 
is a high melting point alloy — 870 °C — that 
requires cold-chamber die-casting machines at 
high pressures and lower speeds than either 
aluminum or zinc die-casting alloys. The high 
temperature contributes to die deterioration, a 
problem that die casters have overcome 
mainly with refined casting techniques. Join- 
ing the alloy can be a problem, since brazing is 
only fairly successful, while other methods are 
not recommended. Alloy C87800 has poor 
machinability (30% FMB), but this is suffi- 
cient for its uses. The alloy is used where the 
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greatest strength and the highest resistance to 
mechanical wear are needed in a die-cast part. 


Further information on these two casting 
alloys is found in Table 3.27. 


3.9.6 Copper-Tin Alloys 


The alloys C90000-C91900 are commonly 
called tin bronzes. For some purposes they 
may have small quantities of zinc (S 5%), 
nickel (< 2%), or phosphorus (x 1.2%). In 
general, good foundry practices must be fol- 
lowed since the alloys have a wide solidifica- 
tion range (160 °C) requiring risers, chillers, 
and other practices to control shrinkage. Top- 
ping compounds and the use of a small quan- 
tity of phosphor copper as a deoxidizer aid in 
casting. Care must be taken in brazing the al- 
loys because the brazing temperature is in the 
hot short range, and any stress applied to the 
casting during heating or cooling in this region 
can cause fracturing. The machinability of 
these alloys is relatively poor (20-30 FMB), 
requiring special attention. 

There are three major alloys in this group. 
The first is C90500, which contains an addi- 
tion of zinc to increase the strength and hard- 
ness of the alloy. The alloy is a moderately 
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strong (320-MPa tensile strength) general- 
purpose bronze casting alloy. It has many uses 
where there are severe working conditions un- 
der heavy pressure, as in bearings and gears. 


The second alloy is C90700, which is a tin 
bronze that has been deoxidized with a trace of 
phosphorus. The alloy is known for its combi- 
nation of good strength, ductility, and corro- 
sion resistance. The alloy must be given 
additional attention during casting, because of 
shrinkage, and upon chilling, to reduce the 
grain growth that occurs upon slow cooling. 
The alloy has no lead, making machining dif- 
ficult. The alloy is best mated to hardened 
steel. Machining accuracy is required so that 
both parts are properly mated. This alloy is es- 
pecially useful in worm gears. 


The third alloy is C91700, which contains, 
in addition to the copper and tin, a small quan- 
tity of nickel as a strengthener and a trace of 
phosphorus as a deoxidizer. This alloy also has 
a good combination of strength, ductility, and 
resistance to wear. Widely used for gears, it 
was called nickel gear bronze. 


Further detailed information on these three 
casting alloys is found in Table 3.28. 


Table 3.27: Copper-silicon cast alloys (silicon bronzes and brasses). 


UNS(ISO) Alloying рыда тың Density, Methodof 
з о Н 
alloy elements’, % (max.), % g/cm casting 
C87500 7л12.0-16.0 Pb 0.50 
513.0-50 А10.50 
Cu 79.0 
C87800 Zn 12.0-16.0 Sn 0.25 83 С 
513.8-42 Pb0.15 
Са 80.0 Fe 0.15 
А1 0.15 
Mn 0.15 
Мр 0.01 
Ni + Co 
0.20 
5 0.05 
P 0.01 
As 0.05 
Sb 0.05 


8.28 ACDEFG silicon brass, 82-4-14: electrical 


Description, properties Uses 


bearing races, brush 
conductivity of 6.7% IACS, typi- holders, bearings, 

cal tensile strength of 460 MPa, gears, impellers, rocker 
machinability of 5096 arms, valve stems, 
small-boat propellers 


die-cast silicon brass, 500: electri- high-strength thin-wall 

cal conductivity of 6.796 [ACS, castings, lever arms, 

typical tensile strength of 590 brush holders, brack- 

MPa, machinability of 40% ets, clamps, hexagonal 
nuts 


a Minimum, except for ranges. 
b Method of casting cores are explained in Table 3.21. 
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Table 3.28: Copper-tin cast alloys (tin bronzes). 


Permissible 
impurities 
(max.), % 

Pb 0.30 

Fe 0.20 

Sn 0.20 
Ni+Co1.0 
S 0.05 

P 0.05 

А1 0.005 

Si 0.005 


C90700 Си88.0-90.0 Pb 0.50 
(CuSn10P) Sn 10.0-12.0 Zn 0.50 

Fe 0.15 

Sb 0.20 

Ni + Co 0.50 

S 0.05 

P 0.30* 

Al 0.005 

Si 0.005 


Cu 84.0-87.0 Pb 0.25 
Sn 11.3-12.5 Zn 0.25 
Ni + Co 1.2- Fe 0.20 
2.0 Sb 0.20 
S 0.05 
P 0,30% 
Ai 0.005 
Si 0.005 


UNS (ISO) 
alloy 


Alloying 
elements, % g/cm casting" 
Cu * Ni 
86.0-89.0 
Sn 9.0-11.0 


Zn 1.0-3.0 


C90500 
(CuSn10- 
Zn2) 


872 ABDG 


8.77 ABDEG 


C91700 
(CuSn12- 
Ni2) 


8.75 ABDEG 


a Method of casting cores are explained in Table 3.21. 
b For continuous casting, Р = 1.5% max. 


3.9.7 Copper-Tin-Lead Alloys 


The alloys C92000-C94500 are essentially 
an extension of the copper-tin casting alloys, 
with additions of lead to improve machinabil- 
ity. These alloys have the same casting and 
joining characteristics as the copper-tin alloys 
(Section 3.9.6). Zinc, nickel, and phosphorus 
may be added. 


These alloys may be placed into two sub- 
groups. The first has low lead contents 
(C92000-C92900), whereas the second has 
high lead contents (С93000-С94500). The ad- 
dition of lead slightly weakens the alloys, pos- 
sibly by 25 MPa of this tensile strength, but 
the improved machinability is the driving 
force for their use. 


Three low-leaded tin bronzes from the first 
subgroup are important. Alloy C92300 con- 
tains zinc as a strengthener. The alloy pos- 
sesses a good combination of strength (275- 
MPa tensile), good corrosion resistance, and 


Density, Method of 


Alloys 


Description, properties Uses 


gun metal, 88-10-0-2: electrical bushings, bearings, 
conductivity of 11% IACS, typi- pump impellers, pis- 
cal tensile strength of 310 MPa, ton rings, valve com- 
machinability of 3096 ponents, síeam 
fittings, gears 


tin bronze, 65: electrical conduc- worm wheels and 
tivity of 9.696 IACS, typical ten- gears, bearings for 
sile strength of 380 MPa heavy loads at low 
(permanent mold) or 300 MPa speeds 

(sand cast), machinability of 2096 


nickel gear bronze, 86 1/3-12-0-0- worm wheels and 
ІМ; electrical conductivity of gears, bearings for 
10% IACS, typical tensile heavy loads at low 
strength of 410 MPa (permanent speeds 

mold) or 300 MPa (sand cast), 

machinability of 2096 


good machinability (42% FMB). Alloy 
C92500 contains nickel as a strengthener and 
is deoxidized with phosphorus. Its characteris- 
tics are very similar to C90700 except the lead 
improves the machinability rating from 20 to 
30% FMB, thus enabling better mating with 
hardened steel. The strength remains essen- 
tially the same 300 MPa tensile. Alloy C92900 
has higher nickel and lead contents than 
C92500, with a correspondingly higher ma- 
chinability rating of 40% FMB. 


The higher lead-containing tin bronze cast- 
ing alloys are represented by four alloys. Al- 
loy C93200 has zinc add for improved 
strength, hardness, and castability. The lead 
content improves the machinability rating to 
70% FMB and places the alloy in the area of 
having excellent anti-friction characteristics 
with excellent load capacity. Alloy C93500 
has zinc and lead additions. The lead content 
is sufficient to place this alloy in the excellent 
anti-friction region, ideal for manufacturing 
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bearings and bushings that operate below 
230 °C. Alloy C93700 has no strengthening 
additions to its basic copper tin-lead alloy 
makeup. The alloy has exceptionally high 
casting fluidity; therefore, special precautions 
must be taken when sand casting to minimize 
mold-sand penetration. The high machinabil- 
ity rating — 80 FMB — indicates the alloy is 
easily machined and has excellent antifriction 
properties. Alloy C94500 is 19% Pb, a very 
high lead content. Cast bearings and bushings 
made from this alloy have superior resistance 
to scoring and seizure, and exceed the endur- 
ance and danger limits of the regular bearing 
bronzes. Applications involve high speeds, 
poor lubrication, gritty environments, and heat 
generating loads at elevated temperatures. The 
lead is in globular form, thus permitting self- 
lubrication. 

Further information about these alloys is 
detailed in Tables 3.29 and 3.30. 


3.9.8 Copper-Tin-Nickel Alloys 


The small group of copper-tin-nickel cast- 
ing alloys (С94600-С94900) forms a special 
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niche in the casting alloys. Their use is limited 
to areas where heat treatment is used to obtain 
tensile strengths of 450 MPa. They have easy 
castability, low shrinkage, and a fine grain 
structure. 


Alloy C94700 may contain a small amount 
of zinc to aid in strength and castability. In the 
tempered condition, nominal strengths of 450 
MPa are reached, but the alloy has a machin- 
ability rating of only 30% FMB. Alloy 
C94800 is essentially the same but with some 
lead for improved machinability (4596 FMB). 
The lead, however, reduces the tensile strength 
to 410 MPa. 


Since heat treatment normally causes dis- 
tortion, the higher machinability rating is im- 
portant even with the reduction in the 
mechanical properties. Both alloys are diffi- 
cult to weld, but they may be joined by silver 
or soft soldering. 


Further details on these two alloys are lo- 
cated in Table 3.31. 


Table 3.29: Copper-tin-lead casting alloys (leaded tin bronzes). 


UNS (ISO) Alloying eis Density, Method of 
alloy elements, % (max.), % g/cm casting’ 
C92300  Cu+Ni Fe 0.25 88 АВО 
85.0-89.0 8650.25 
Sn 7.5-9.0 Ni+Co1.0 
Pb 0.30-1.0 80.05 
Zn2.5-50 P005 
А1 0.005 
Si 0.005 
С92500 Cu 85.0-88.0 Zu 0.50 ABEG 
(CuSnl2- Sn 10.0-12.0 Fe 0.30 
Pb2) Pb 1.0-1.5 550.25 
Ni + Co 0.8- S 0.05 
1.5 P 0.30* 
Al 0.005 
Si 0.005 
C92900 Cu 82.0-86.0 Zu 0.25 887 ABEG 
Sn 9.0-11.9 Fe 0.20 
РЬ 2.0-3.2 550.25 
Ni + Со 2.8- 8 0.05 
4.0 P 0.50* 
Al 0.005 
Si 0.005 


a Method of casting cores are explained in Table 3.21. 
b For continuous casting, P = 1.5% max. 


Description, properties Uses 


leaded navy “G” bronze, 87-8-1- 
4: electrical conductivity of 12% 


1ACS, typical tensile strength of 
280 MPa, machinability of 42% 


strong general utility 
structural bronze for 
severe conditions, e.g., 
valves, expansion 
joints, special high- 
pressure pipe fittings, 
steam pressure castings 


leaded tin bronze, 82-11-1-0-1: 
typical tensile strength of 300 
MPa, machinability of 3096 


gears, automotive syn- 
chronizer gears and 
rings 


leaded nickel-tin bronze, 84-10- gears, wear plates, 
2'/,-0-3'/,: electrical conductivity guides, cams 

of 9.2% JACS, typical tensile 

strength of 320 MPa (permanent 

mold or send cast), machinability 

of 40% 
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Table 3.30: Copper-tin-lead cast alloys (high-lead tin bronzes). 
; Permissible А 
SSS CSO) 2M. impurities Denar 2 Method of Description, properties Uses 
М ^^^ (max.), % в E 
C93200 | Cu*Ni Fe 0.20 893 ABEG high-lead tin bronze, bearing general utility bearings 
(CuSn7- 81.0-85.0 Sb 0.35 bronze 83-7-7-3: electrical con- апа bushings, automo- 
Pb7Zn3) Sn6.3-7.5 Ni+Co 1.0 ductivity of 12% IACS, typical — tive fittings 
Pb6.0-8.0 $0.08 tensile strength of 240 MPa, ma- 
Zn 1.0-40 Р015% chinability of 70% 
AI 0.005 
Si 0.005 
C93500 СазМі Zn 2.0 887 АВС high-lead tin bronze, 85-5-9-1: small bearings and 
(CuPb9- | 83.0-86.0 Fe 0.20 electrical conductivity of 15% bushings, bronze back- 
Sn5) Sn 4.3-6.0 Sb0.30 ТАС, typical tensile strength of ings for habbitt auto- 
Pb 8.0-10.0 Мі-Со10 220 MPa, machinability of 70% motive bearings 
S 0.08 
P 0.05* 
Al 0.005 
Si 0.005 
C93700 | Cu + Ni Zn 0.8 891 АВЕС high-lead tin bronze, bushing and bearings for high speed 
(CuPb10- 78.0-820 Fe0.15 bearing bronze, 80-10-10: electri- and high pressure, 
Sn10) Sn 9.0-11.0 Sb 0.55 cal conductivity of 10% IACS pumps, impellers, cor- 
Pb 8.0-11.0 Ni+Co1.0 (varies strongly with tempera- rosion-resistant uses, 
50.08 ture), typical tensile strength of — pressure-tight castings 
P 0.15* 240 MPa, machinability of 80% 
Al 0.005 
Si 0.005 
C94500 | S8n60-80 Zn 1.2 94 АВС medium bronze, electricalcon- — locomotive wearing 
Pb 16.0-22.0 Fe 0.15 ductivity of 10% IACS, typical parts, high-load low- 
Cu+Ni Sb 0.8 tensile strength of 170 MPa, ma- speed uses 
remainder Мі + Co 1.0- chinability of 8096 
S 0.08 
P 0.05^ 
AI 0.005 
Si 0.005 
а Method of casting cores are explained in Table 3.21. 
b For continuous casting, P = 1.5% max. 
Table 3.31: Copper-tin cast alloys (tin bronzes). 
А Permissible ; 
ку ш ee impurities p ; Mero of Description, properties Uses 
alloy ments, % (max.),% g 
С94700 Cu 85.0-90.0 Pb 0.10 8.87  ABDEG constructional bronze, electrical gears, cams, valves and 
Sn 4.5-6.0 Fe 0.25 conductivity of 20% IACS, typi- valve stems, feeding 
Zn 1.0-2.5 5Ь 0.15 cal tensile strength of 340 MPa mechanisms, roller 
Ni 4.5-6.0 Mn0.20 (as cast), 450 MPa (tempered), guides, cylinders for 
S 0.05 and 590 MPa (heat treated), ma- — presses, conveyer 
P0.05 chinability of 25% FMB intem- chains and general con- 
Al 0.005 pered state, 30% FMB as cast struction castings 
Si 0.005 
C94800 Cu 84.0-89.0 Fe 0.25 887 EG leaded nickel tin bronze, electrical essentially same as 
Sn 4.5-6.0 Sb 0.15 conductivity of 14% IACS, typi- С94700 except where 
Pb 0.30-1.0 Mn 0.20 cal tensile strength of 310 MPa better machinability is 
Zn 1.0-2.5 50.05 (as cast) and 410 MPa(tempered), required 
М14.5-60 P0.05 machinability of 45% FMB 
A! 0.005 
Si 0.005 


a Method of casting cores are explained in Table 3.21. 
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3.9.9 Copper-Aluminum-Iron 
and Copper-Aluminum-Iron- 
Nickel Alloys 


The C95000-C95900 series of alloys is 
commonly referred to as the aluminum 
bronzes; these generally are high-strength al- 
loys. The aluminum bronze alloys are suffi- 
ciently interesting to warrant consideration in 
most cases where a casting alloy is to be em- 
ployed. Some of their high strength is avail- 
able in the as-cast condition, and some is 
derived from heat treatment. 


The three basic aluminum bronze alloys are 
C95300, C95500, and C95800. All have fairly 
high strength and hardness, excellent corro- 
sion resistance, good wearing characteristics, 
good machinability, and good fatigue proper- 
ties. Alloys C95300 and C95500 may be used 
to 400°C, while C95800 is restricted to 
370 °С. 


Alloy C95300 is a heat-treatable casting al- 
loy. When cast, the typical tensile strength is 
520 MPa. After heat treatment, this is raised to 
590 MPa. Products from this alloy are 10% 
lighter than comparable products of tin 
bronze. Casting the alloy requires experience 
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with careful control and special techniques to 
maintain sound castings. The alloy is readily 
joined by most welding, brazing, or soldering 
techniques. 


Alloy C95500 is a heat-treatable casting al- 
loy. In the cast state it typically exhibits a ten- 
sile strength of 690 MPa, but after heat 
treatment this is mcreased to 830 MPa. It also 
has a lower density than the tin bronzes, The 
alloy is more easily cast than C95300, but 
more care must be used when joining the al- 
loy. The alloy is readily welded, but is rated 
only fair for brazing. Soldering and oxyacety- 
lene welding are not recommended. 


Alloy C95800 is not heat-treatable. A typi- 
cal tensile strength in the cast state is 655 
MPa. The slightly lower aluminum and higher 
nickel contents degrade the density advantage 
of the previous two alloys. As with alloy 
C95300, care must be taken during fasting to 
develop sound fastings. The alloy is suitable 
for joining by soldering and some welding 
techniques, but brazing is rated only as fair, 
while carbon arc or oxyacetylene welding 
should be avoided. 


Further information is detailed in Table 
3.32. 


Table 3.32: Copper-aluminum-iron and copper-aluminum-iron-nickel cast alloys (aluminum bronzes). 


Description, properties Uses 


UNS(ISO) Alloying Permissible Density, Method of 
alloy elements", % HOPOnHes g/cm’ — casting" 
ý (max.), % 
С95300 Fe 0.8-1.5 7.53 ABEFG 
А19.0-11.0 
Си 86.0 
С95500 Fe 3.0-5.0 Mn3.5 7.53 ABEFG 
(СиАП0- Fe3.0-5.5 
Fe5Ni5) — AL10.0-11.5 
Cu 78.0 
C95800 Fe3.5-4.5" РЬ 0.05 7.64 ABEFG 
(CuAMO- Ni4.0-5.0 510.10 
Fe5Ni5) A18.5-95 5п0.10 
Mn 0.8-1.5 
Cu 79.0 


aluminum bronze 9B, 89-1-10: 
electrical conductivity of 13% 
IACS, typical tensile strength of 
520 MPa (as cast) or 590 MPa 
(heat treated), machinability of 
55% 


aluminum bronze 9D, 81-4-4-11: 


electrical conductivity of 8.5% 
IACS, typical tensile strength of 
690 MPa (as cast) or 830 MPa 
(heat treated), machinability of 
50% 

alpha nickel aluminum bronze, 
81-5-4-9-1, propeller bronze: 
electrical conductivity of 7.1% 
IACS, typícal tensile strength of 
655 MPa, machinability of 5096 


pickling baskets, nuts, 
gears, steel mill slip- 
pers, marine equip- 
ment, nonsparking 
hardware, welding 
jaws 

valve guides and seats 
in aircraft engines, cor- 
rosion-resistant parts, 
bushings, gears, 
worms, pickling hooks 
and baskets, agitators 


propeller blades and 
hubs for service in 
fresh and salt water, fit- 
tings, gears, worm 
wheels, valve guides 
and seals 


a Minimum, except for ranges. 


b Method of casting cores are explained in Table 3.21. 


c Nicontent must exceed Fe content. 
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Table 3.33: Copper-nickel-iron cast alloys (copper nickels). 
Permissible 
impurities 
(max.), % 

Cu 65.0-69.0 Pb 0.03 


UNS (ISO) 
alloy 


Method of 
casting" 


Alloying 


Density, 
elements, % 7 


g/cnr 


C96400 894 ABG 


Alloys 


Description, properties Uses 


70—30 copper nickel, electrical 


Fe 0.25-1.5 
Ni + Co 
28.0-32.0 
Nb 0.50-1.5 


Fe 0.8-1.1 
Ni+Co 
29.0-33.0 

Be 0.40-0.7 
Cu remainder 


Mn 1.5 
Si 0.50 
C0.15 
C96600 Pb 0.01 
Mn 1.0 
510.15 


880 ABDEG 


C96700 Ве 1.1-1.2 Mn0.7 
Ni 29.0-33.0 510.15 
Fe 0.7-1.0 Pb0.1 
Zr 0.10-0.20 

Ті 0.10-0.20 


Cu remainder 


860 ABDEG 


a Method of casting cores аге explained in Table 3.21. 


3.9.10 Copper—Nickel-Iron Alloys 


The group C96000-C96900 not only cov- 
ers casting alloys containing copper, nickel, 
and iron but also those containing beryllium. 
The standard copper-nickel-iron alloy is 
C96400, which gives strong (470 MPa) and 
ductile castings having excellent corrosion re- 
sistance. The iron addition improves the cor- 
rosion and erosion resistance in seawater, 
making the alloy a preferred one for use on 
oceangoing ships. In addition, the alloy may 
be joined by brazing, soldering, or welding, 
except for oxyacetylene or carbon arc weld- 
ing, which are not recommended. 


The beryllium-containing alloys are an out- 
growth of alloy C96400, with the beryllium 
present to permit heat treating. Alloys C96600 
and C96700 show the same corrosion at- 
tributes of C96400, but after heat treatment, 
tensile strengths of 830 MPa and 860 MPa are 
obtainable. One basic recommendation is that 
the machining be carried out after the parts are 
completely heat treated to avoid problems 
with fit. 


valves, pump bodies, 
flanges, and elbows re- 
quiring resistance to 
seawater 


conductivity of 5% IACS, typical 
tensile strength of 470 MPa, ma- 
chinability of 20% 


similar to C96400 ex- 
cept where greater 
strength is required, 
high-strength construc- 
tional parts for seawa- 
ter, especially for long, 
unattended submer- 
gence, e.g., pump bod- 
ies, valve bodies, 
seawater line fittings 


same as C96600, great 
use for plastic tooling 


beryllium cupronickel, electrical 
conductivity of 4.3% IACS, ten- 
sile strength of 830 MPa (heat 
treated), machinability of 40% 


modified beryllium cupronickel, 
electrical conductivity of 4.3% 
IACS, typical tensile strength of 
560 MPa (as cast) or 860 MPa 
(heat treated), better castability 
than C96600, machinability of 
40% 


Further details on these alloys are given in 
Table 3.33. 


3.9.11 Copper-Nickel-Zinc-Tin- 
Lead Alloys 


These alloys C97000-C98900 form a 
group that is used extensively for omamental 
and decorative purposes where a white alloy is 
desired. The alloys are responsive to machin- 
ing and exhibit good corrosion resistance, but 
they are not heat treatable to increase strength 
or hardness. The two alloys discussed from 
this group vary widely in chemical composi- 
tion. 

The first alloy is C97300. This alloy has 
good foundry characteristics, castings are 
readily machined (70% FMB), and it may be 
joined using soldering and brazing methods. 
The high lead content precludes welding. The 
alloy is not a strong one, with a typical tensile 
strength of 240 MPa. 

The second alloy is C97800. This alloy has 
only fair castability and fluidity, but with 
proper techniques and good foundry practices, 
excellent castings can be produced. The same 
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joining procedures are used for this alloy as 
for C97300. This alloy is somewhat stronger 
than C97300, with a typical tensile strength of 
380 MPa. 

Further detailed information is found in Ta- 
ble 3.34. 


3.9.12 Special Cast Alloys 


The alloys placed in the group C99000- 
C99999 do not fit into any previous chemical 
classification. Each alloy has a special pur- 
pose; therefore, commercial usage is limited. 

Alloy C99400 is noted for its resistance to 
dezincification and dealuminification. It is 
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used in those environments where these types 
of corrosion are a problem or are expected to 
be a problem. It is somewhat heat treatable, 
the nominal as-cast tensile strength of 455 
MPa being increased to 545 MPa. It has fair- 
to-good castability, but sometimes requires 
special foundry techniques. 


Alloy C99700 is a low-cost white alloy 
used for omamental and decorative purposes 
instead of C97800. The alloy has a good ma- 
chinability rating (80% FMB) and a strength 


comparable to C97800. 


Further information is detailed in Table 


3.35. 


Table 3.34: Copper-zinc-nickel casting alloys (nickel silvers). 


Permissible 


UNS(ISO) Alloying 


Density, Method of 


alloy elements, % кенен, g/cm casting" Description, properties Uses 
C97300 Cu 53.0—58.0 Fe 1.5 895 ADEG leaded nickel brass, 56-2-10-20- hardware fittings, 
Sn 1.5-3.0 550.35 12: electrical conductivity of valves and valve trim, 
Pb 8.0-11.0 80.08 5.7% IACS, typical tensile statuary and ornamen- 
Zn 17.0-25.0 P 0.05 strength of 240 MPa, machinabil- tal castings 
Ni+Co AL 0.005 ity of 70% 
11.0-14.0 Мп050 
Si 0.15 
C97800 Cu 64.0-67.0 Fe 1.5 8.86 ADEG leaded nickel bronze, 66-5-2-2- omamental castings, 
Sn 4.0-5.5 8550.20 25: electrical conductivity of sanitary fittings, valve 
Pb 1.0-2.5 50.08 4.5% IACS, typical tensile bodies, valve seats, 
Zn 1.0-40 P0.05 strength of 380 MPa, machinabil- musical instrument 
Ni * Co Al 0.005 ity of 60% components 
24.0-27.0 Mn1.0 
510.15 
a Method of casting cores are explained in Table 3.21. 
Table 3.35: Special casting alloys. 
Р Permissible : 
SNS SO) BRAT impurities pr í мо Description, properties Uses 
шоу св 9% — (max.), 96 B 
C99400 М11.0-35 Pb0.25 830 ABDG nondezincification alloy, NDZ: valve stems, propeller 
Ее 1.0-3.0 Mn0.50 electrical conductivity of 16.8% wheels, electrical parts, 
Al 0.50-2.0 IACS, typical tensile strength of gears for mining, ma- 
Si 0.50-2.0 455 MPa (as cast) or 540 MPa rine, or other equip- 
Zu 0.50-5.0 (heat treated), machinability of | ment where resistance 
Cu remainder 50% to dezincification or 
dealuminification is re- 
quired 
C99700 Си 54.0% Sn 1.0 819 ADEFG white manganese brass, electrical building hardware, аг- 
Ni40-60 РЬ2.0 conductivity of 3% IACS, typical chitectural and oma- 
Al 0.50-3.0 Fe 1.0 tensile strength of 380 MPa, ma- mental fittings, marine 
Mn 11.0- chinability of 80% hardware, floor drain 
15.0 covers, food handling 
Zn 19.0-25.0 equipment, swimming 


pool hardware 


a Method of casting cores are explained in Table 3.21. 


b Minimum. 
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3.10 Master Alloys 


Certain elements are to be added to the 
casting melt that are difficult to dissolve or 
that evolve as a fume, making exact additions 
difficult to attain. The use of master alloys 
aids in the introduction of these troublesome 
elements. A master alloy is rich in one or more 
addition elements in a matrix of the major ele- 
ment, in this case copper. 

These master alloys may not be true alloys 
but may be simply mixtures of elements or 
their compounds. They are produced in vari- 
ous products or configurations: 

e Pig. This configuration usually is used 
where the element to be added is difficult to 
melt or dissolve. Adding iron to copper is an 
example. This master alloy is developed at 
much higher temperatures and times to 
reach solubilities that are not available in 
casting the basic alloy. 

e Pellets. Essentially the same product as pig, 
but cast in water to produce the pellets. The 
pellets dissolve more rapidly than the pig, 
thus giving more flexibility in the operation. 

e Chunks. Similar to pig, chunks are not cast 
in a mold, but in thin friable slabs. The 
chunks may be added to the melt during 
charge preparation, added as a ladle addi- 
tion, or at any convenient point. Adding fer- 
romanganese or phosphorus copper master 
alloy are examples. 

e Wire. This form of a master alloy is quite 
special and is not an alloy at all. When pro- 
ducing this wire, a tube of the matrix is 
filled through special compaction of a pow- 
der containing a compound of the required 
element. The tube is then redrawn to a con- 
venient diameter — e.g., 2 mm. The wire 
contains a known quantity of the element to 
be added. Adding zirconium to copper is an 
example Using this technology. This 
method is used for elements that readily 
fume off the melt. 


Briquette. This configuration readily per- 
mits the use of powders to produce the 
“master alloy”. These powders may be pure 
elements or compounds of a desired element 
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that are compacted. In many cases, the com- 
pounds being developed are not element ad- 
ditions, but flux added to purify the melt. 
This method is widespread in the casting in- 
dustry, and a prime example is the casting of 
phosphor bronze alloys. 

Generally the producers of master alloys 
are purchasers and sellers of scrap products. 
Many of the master alloys are developed at the 
request of individual customers, but most are 
made available on a commercial basis. The 
chemical content ranges are rather broad com- 
pared to those of wrought products. 


3.11 Safety and 
Environmental Aspects 


Several of the elements associated with 
copper alloys are toxic. Most are rendered 
harmless through the use of exhaust systems 
to remove gaseous effluents, with precipita- 
tors and filters to remove the solid particles. 
The exhaust system removes the fumes gener- 
ated in melting and transports them rapidly to 
precipitators to remove the major solid mate- 
rial and then on to bag houses. This procedure 
removes and collects 99.9% of the solids. 

Usually where casting facilities are present 
and zinc is an alloying constituent, a thorough 
exhaust system is used to collect all fumes 
from the melting and casting area. In the past, 
workers became ill with “brass founders’ 
ague”, “brass chills”, or “metal fume fever”. 
Today these conditions do not normally exist. 

These collection systems remove such po- 
tentially dangerous elements as cadmium, an- 
timony, arsenic, lead, selenium, manganese, 
tellurium, titanium, and zinc. All of these ele- 
mental fumes are rapidly oxidized into remov- 
able solids. 

Gaseous fumes developed during cleaning 
or pickling must be removed form the work 
area, Normally these may be exhausted to the 
atmosphere, where they are dissipated and 
rendered harmless. In areas where the general 
environment cannot tolerate the additional 
contamination, the fumes may pass through a 
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wet (water spray) collector where a majority 
of the fumes is removed. 

One effluent not always recognized is the 
metal powder or “dust” often generated in op- 
erations. Where any powder is generated, it it- 
self represents an explosive hazard and should 
be removed from the area. Such products 
should be vacuumed away to a safe collecting 
area, 

One element not mentioned above is beryl- 
lium. Beryllium can be highly toxic, not only 
in the producer’s plant, but also in the ensuing 
user operations. 

Grinding and polishing generate dust, but 
many users have not realized that stamping 
and forming operations may also form dust 
particles, Welding — spot, seam, or other 
types — will produce a fume. Even some sol- 
dering operations may produce a fume when 
soldering beryllium-containing alloys. 

Any alloy containing beryllium requires 
special precautions and ventilation where 
parts are made by any means that could pro- 
duce a dust or fume. Most manufacturers of 
products containing beryllium supply a pre- 
cautionary note advising that inhalation of ex- 
cessive concentrations of airborne beryllium 
can cause pulmonary or respiratory problems. 


3.12 Economic Aspects 


New alloys are being developed continu- 
ously to fill voids where existing alloys are 
found wanting. Even though most new alloys 
do not perform to expectations, the mass of tri- 
als does produce breakthroughs that extend 
the usage of copper alloys. The percentage of 
copper in alloys is dropping, on the average, 
but this is offset by expansion of the total cop- 
per market and counteracts some of the effect 
of substitution. 

No longer do international borders form 
barriers to markets. Strip products now have 
better finishes, closer physical and mechanical 
tolerances, and better flatness than U.S. pro- 
ducers would have produced without world- 
wide competition. A new concept of quality 
control — quality assurance — has emerged to 
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improve product quality through closer in- 
process inspection and broader use of comput- 
erization. The just-in-time delivery of high- 
quality products to the fabricator smooths out 
production schedules. 


Over the years the producer-fabricator cus- 
tomer relationship has changed. Years ago 
producers manufactured copper alloys, fabri- 
cators manufactured parts, and customers used 
the parts. Little interaction regarding customer 
needs was the result, and the total market ex- 
panded slowly. Currently, customers work 
closely with the fabricators and producers. 
The customers are more capable of communi- 
cating their needs to the fabricators and pro- 
ducers, and the producers are more receptive 
to these communications. If another producer 
or fabricator can offer a better product, a new 
relationship develops, the progress putting 
pressure on all to excel. 

A pervasive change in the copper alloy 
market has been the continual miniaturization 
of the parts. One example is the automobile ra- 
diator. Brass metal for radiator tube has been 
reduced in thickness from 0.114 to 0.0064 
mm, total usage dropping even more rapidly 
because radiators are smaller and have less 
surface area. The tanks and headers, also cor- 
respondingly smaller, have undergone a thick- 
ness reduction from 0.813 to 0.381 mm. 

One interesting outgrowth of miniaturiza- 
tion is a relatively new concept — shaped 
wire, The wire is made in cross sections nei- 
ther round or square. Customer fabricator in- 
teraction leads to cross sections that can be fed 
into machines that fabricate the contact or 
connector. Generally, production runs are 
longer, less scrap is generated, and when nec- 
essary the parts can be assembled on a bando- 
lier, which aids in plating and assembly. The 
final product is lighter, but the consumption of 
copper alloy is actually increased, because of 
the expanded market. 
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4.1 Introduction 


Lead is one of the oldest known metals. Its 
usc was known before 3000 B.C. All early civ- 
ilizations used lead extensively for omamental 
and structural uses. The use of lead pipes for 
the transportation of water by the Romans, one 
of the early uses of lead, endures to the 
present. 


The primary and most important mineral 
for recovery of lead is galena, PbS. Lead ores 
are found on every continent, usually in com- 
bination with zinc, copper, and silver. The 
United States is the leading lead-producing 
country followed by Canada and Australia. 
Total annual production of lead and lead al- 
loys in 1987 was about 4.3 x 10° t. Recycling 
of lead scrap, mainly from batteries, lead 
sheet, and cable sheathing, provided 2.1 x 
10° t. 

About 40% of lead is used as pure lead, 
lead oxides, or lead chemicals; the remainder 
is used in the form of lead alloys. The major 
uses of lead alloys are: lead acid battenes, am- 
munition, cable sheathing, building construc- 
tion (sheets, pipes, and solders), bearings, 
gaskets, specialty castings, anodes, fusible al- 
loys, shielding, and weights. 


4.2 Properties of Lead and 
Lead Alloys 


Lead is a heavy, soft, bluish gray metal 
which has a low melting point and a high boil- 
ing point. The density, malleability, lubricity, 
flexibility, and coefficient of thermal expan- 
sion are quite high. The elastic modulus, elas- 
tic limit, tensile and compression strength, 
hardness, and electrical conductivity are rela- 
tively low. Lead has excellent resistance to 
corrosion in a wide variety of media. Lead is 
easily alloyed with many other metals. Be- 
cause lead alloys have low melting points, 
they can be cast into many shapes by using a 
variety of molding materials and casting pro- 
cesses. 


Lead is very ductile and malleable, and can 
be fabricated into various shapes by rolling, 
extruding, forging, spinning, and hammering. 
The low tensile strength and very low creep 
strength of lead make it unsuitable for use 
without the addition of alloying elements. The 
major alloying elements used to strengthen 
lead are antimony, calcium, tin, copper, tellu- 
rium, arsenic, and silver. Minor alloying ele- 
ments are selenium, sulfur, bismuth, 
cadmium, indium, aluminum, and strontium. 
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4.3 Lead-Antimony Alloys 


4.3.1 Binary Lead-Antimony 
Alloys 


Properties. Lead antimony is the most widely 
used lead alloy. The phase diagram is shown 
in Figure 4.1 [3]. It contains a eutectic point at 
11.1% antimony and 252 °C. The solubility of 
antimony in lead decreases from 3.5% at 
252 °C to 0.25% at 25 °C; therefore, the al- 
loys are age hardenable. The grain structure of 
a typical cast lead—antimony alloy (Figure 4.2) 
consists of a lead matnx surrounded by a net- 
work of antimony particles. The eutectic parti- 
cles provide high-temperature strength. 
Addition of arsenic dramatically increases the 
rate of aging and final strength. Addition of tin 
increases the fluidity and, in combination with 
copper and arsenic, reduces the rate of oxida- 
tion of molten lead antimony alloys [4]. 


The mechanical properties of lead-anti- 
mony alloys containing arsenic, tin, and cop- 
per are listed in Table 4.1. High-antimony 
alloys (> 3.5% antimony) are strengthened 
primarily by the eutectic phase, whereas low- 
antimony alloys are strengthened by precipita- 
tion. 
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Figure 4.1: Phase diagram of the lead-antimony system 
[3]. Reproduced from reference [3] by permission of the 
publisher. 
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Table 4.1: Mechanical properties of lead-antimony al- 
loys. 
Yield strength, Tensile Elonga- 


Antimony MPA, afteraging strength, MPa tion, % 
content, % — — — ———— — — 


І дау 30days 30 days 30 days 
11 68.9 74.4 75.9 5 
6 35.2 71.0 73.8 8 
2.75 34.5 55.2 65.5 10 
2 241 37.9 46.9 15 
1 13.8 193 37.9 20 
0 3.5 3.5 11.7 55 
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Figure 4.2: Grain structure of lead-antimony (596) alloy 
(magnification 160 x). White: antimony particles; Dark: 
lead matrix. 


Lead-Acid Batteries. The major use of lead 
antimony alloys is as grids, posts, and connec- 
tors for lead-acid batteries. The antimony eu- 
tectic prevents grid growth, retains the active 
material, and aids recovery from deep dis- 
charge. Deep-discharge industrial, load-level- 
ing, and motive-power batteries utilize lead 
alloys containing 5-11% antimony. Large tu- 
bular grids use 11% antimony. 

Antimony has one disadvantage for batter- 
ies, During use, antimony from the positive 
grid is oxidized, leaches into the electrolyte, 
and plates on the negative electrode. Anti- 
mony causes breakdown of water into hydro- 
gen and oxygen during charging, leading to 
water loss. The amount of water lost is propor- 
tional to the amount of eutectic in the battery 
grid (5]. 

Automobile battery grids employ about 1— 
3% antimony lead alloys. Hybrid batteries use 
low antimony (1.6-2.5%) alloys for the posi- 
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tive grids and nonantimony alloys for the neg- 
ative grids to give reduced or no water loss. 
The posts and straps of virtually all lead-acid 
batteries are made of alloys containing about 
3% antimony. 

Although low antimony content decreases 
water loss, it presents problems in casting thin 
grids. Alloys having less than 3.5% antimony 
have reduced fluidity and increased volume 
shrinkage. The grain size increases with de- 
creasing antimony content, as seen in Figure 
4.3. The large columnar grains of low-anti- 
mony alloys are shown in Figure 4.4. To pre- 
vent formation of large grains, nucleants are 
added to lead-antimony alloys. Small 
amounts of sulfur, copper, or selenium serve 
as sites for growth of lead crystals during so- 
lidification and produce fine, rounded grain 
structures which are resistant to cracking [4- 
7]. By using nucleants, fine-grained struc- 
tures, such as that shown in Figure 4.5, can be 
produced in cast alloys independent of the an- 
timony content. The molten metal must be 
kept at a temperature high enough to assure 
complete solubility of the nucleants prior to 
casting the alloy. The United States uses pri- 
marily copper and sulfur as nucleants, while 
Europe and Asia use selenium. At very low 
antimony contents (1.0-1.6%) selenium is 
used. 
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Figure 4.3: Grain size as a function of antimony content: 
a) Without grain refiners; b) With addition of selenium. 


Ammunition. Lead shot is produced by drop- 
ping molten lead antimony alloys containing 
0.5-8% antimony through holes in pans into 
water. The shot alloys contain arsenic in an 
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amount equal to about 20-30% of the anti- 
mony content. Arsenic permits the molten 
drop of lead to become round during freefall. 
Tin and cadmium produce elongated shot if 
present; therefore, they are restricted to less 
than 0.0005%. Shot up to 5.8 mm in diameter 
is dropped from towers; larger shot must be 
cast in molds. Lead-antimony (0.5-3.0%) al- 
loys are used for cast or swagged bullets. 
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Figure 4.4: The large columnar grain structure of lead- 
antimony (2.5%) alloy without nucleants is prone to 
cracking (magnification 160 x). White: antimony; Dark: 
lead matrix. 


Figure 4.5: Fine, uniform, rounded grain structure of 
lead-antimony (2.5%) with 0.015% selenium as a nucle- 
ant (magnification 160 x). White: antimony particles; 
Dark: lead matrix. 


Cable Sheathing. Lead antimony alloys con- 
taining 0.5-1.0% antimony are used for cable 
sheathing as well as lead-copper and lead- 
tin-arsenic alloys. Antimony-containing al- 
loys are used when higher strength and resis- 
tance to vibration 1s required. British standard 
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BS-801 alloy B contains 0.85% antimony. 
Lead-antimony alloys having 0.6% or less an- 
timony can be continuously extruded, are im- 
pervious to oil and moisture, and remain 
pliable indefinitely. Lead antimony (1.0%) is 
generally used as sleeves for cable splices. 


Anodes. Lead antimony (6-10%) alloys con- 
taining 0.5-1.0% arsenic have been used 
widely as anodes in copper, nickel, and chro- 
mium electrowinning and metal-plating pro- 
cesses. Lead antimony anodes have high 
strength and develop a corrosion-resistant pro- 
tective layer of lead dioxide during use. Lead 
antimony anodes are resistant to passivation 
when the current is frequently interrupted. 


Wrought Lead-Antimony. Wrought lead- 
antimony alloys are weaker and have higher 
creep rates than cast lead antimony alloys, but 
have greater strength than lead copper alloys; 
they can be easily fabricated into most lead 
products. Because of their excellent resis- 
tance to corrosion by a variety of chemicals, 
lead antimony (4-8%) alloys are used for tank 
linings, pumps, valves, and heating and cool- 
ing coils, particularly where sulfuric acid or 
sulfate solutions are handled at elevated tem- 
perature. Arsenic is generally added to in- 
crease resistance to creep at elevated 
temperature. 


4.3.2 Lead-Antimony-Tin Alloys 


Lead-antimony-tin alloys are used for 
printing, bearings, solders, slush castings, and 
specialty castings. These alloys have low 
melting points, high hardness, and excellent 
high-temperature strength and fluidity. 

Printing alloys generally contain more than 
11% antimony and 3-14% tin. Typical alloys 
(Table 4.2) have low melting points and high 
hardness for wear resistance in printing. Rep- 
lication of mold detail is particularly impor- 
tant. 

Excellent antifriction properties and good 
hardness makes lead-antimony-tin alloys 
suitable for journal bearings, bushings, and 
sleeve bearings. The alloys contain 9-15% an- 
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timony and 1-20% tin. They also contain cop- 
per and arsenic, which improve compression, 
fatigue, and creep strength, important in bear- 
ings. Lead-antimony-tin bearing alloys are 
listed in ASTM B23-83 [8]. 


Table 4.2: Printing alloys. 


К Composition, % Liqui- Soli- u 

rocess — gn Sb Pb dus, °C dus, °C 222. 
Linotype 4 115 845 243 239 22 
Electrotype 3 3 94 299 245 14 
Stereotype 5 14 81 256 240 23 
Monotype 7 165 765 275 240 26 


Foundrytype 14 24 62 318 240 32 


Specialty castings include belt buckles, tro- 
phies, casket trim, miniature figures, and hol- 
loware. Slush castings are produced by 
pouring an alloy into a mold, permitting a 
given thickness to solidify, and pouring out the 
remaining liquid to produce a hollow, light, 
high-detail casting. The near-eutectic lead al- 
loy, containing 11% antimony, 1% tin, and 0- 
0.5% arsenic, has a low melting point which 
permits silicon rubber molds to be used in 
spin-casting processes. 

Low-antimony (2-5%), low-tin (2-5%) 
lead alloys are used for automobile body sol- 
der. Special lead antimony alloys containing 
4% antimony are used for wheel-balancing 
weights, battery cable clamps, and collapsible 
tubes. 


4.4 Lead-Calcium Alloys 


Lead-calcium alloys are replacing lead an- 
timony alloys for many applications. Most 
U.S. original-equipment automotive batteries 
are constructed of lead-alcium, whereas 
most U.S. replacement batteries utilize lead— 
calcium alloys for the negative grids and lead- 
antimony alloys for the positive grids. Lead- 
calcium is used worldwide for standby power, 
submarine, and specialty sealed batteries. 
Lead-calcium alloy batteries do not require 
addition of water and can therefore be sealed. 
Lead-calcium alloy is used for electrowinning 
anodes, cable sheathing, sleeving, specialty 
boat keels, and lead alloy tapes. 
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4.4.1 Binary Lead-Calcium Alloys 


The lead-calcium phase diagram is shown 
in Figure 4.6 [3]. The phase diagram is a peri- 
tectic with a peritectic temperature of 
328.3 °C. The maximum solubility of calcium 
is 0.10% at 328.3 °C and rapidly decreases to 
0.02% at 200 °C and 0.01% at 25 °C. The 
large decrease in solubility with decreasing 
temperature permits precipitation strengthen- 
ing of binary lead-calcium alloys by the com- 
pound Pb,Ca. This compound is also formed 
in molten alloys containing more than 0.07% 
calcium. Figure 4.7 shows the Pb,Ca primary 
particles formed by solidification of an alloy 
containing 0.14% calcium. The Pb,Ca parti- 
cles can act as nucleants and produce fine- 
grained microstructures. 
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Figure 4.6: Phase diagram of the lead-calcium system 
[3]. Reproduced from reference [3] by permission of the 
publisher. 


Below 0.1095 calcium the alloys solidify 
into a cellular, dendritic grain structure (Fig- 
ure 4.8) [9]. Impurities segregate to the inter- 
celluar boundaries, causing them to be 
accented in the microstructure. Reverse segre- 
gation causes some areas of the casting to con- 
tain 0.10% calcium regardless of the original 
calcium content of the melt. Precipitation of 
calcium occurs by a discontinuous precipita- 
tion reaction [10]. In this reaction, grain 
boundaries move through the matrix, the orig- 
inal cast grain 1s destroyed, and the character- 
istic serrated grain boundaries of lead calcium 
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alloys seen in Figure 4.9 are produced |111. 
The calcium content and the rate of grain 
boundary movement determine the final grain 
size and shape. 


Figure 4.7: Grain structure of lead-calcium (0.1496) al- 
loy (magnification 160 x); the dark spots are Pb,Ca parti- 
cles. 


Figure 4.8: Grain structure of freshly cast lead-calcium 
(0.07%) alloy (magnification 160 x). 


Lead-calcium (0.0496) alloy, used as cable 
sheaths and sleeves for cable splices, is signif- 
icantly stronger and has greater creep resis- 
tance than lead-copper (0.06%) or lead- 
antimony (1%). Table 4.3 compares the me- 
chanical properties of lead-calcium to these 
alloys and to pure lead. The lead—calcium al- 
loys have outstanding creep and fatigue resis- 
tance and relatively good ductility. Aging after 
production may cause a permanent set and dif- 
ficulty in uncoiling; hence, lead-calcium 1s 
used primarily in straight lengths or as sleeves. 


114 


Figure 4.9: Grain structure of lead-calcium (0.07%) al- 
loy aged for seven days, showing the serrated grain 
boundaries (magnification 160 x). 


Table 4.3: Mechanical properties of pure lead and lead al- 
loys. 


Composition, % 
Property а 
Pb, 100 Cu, 0.06 Sb, 1 Са, 0.04 
Tensile strength, MPa 12.2 174 209 0.04 
Elongation, % 55 55 35 35 
Fatigue strength, МРа 2.75 490 6.28 9.02 


The main use of binary lead-calcium alloys 
is for the grids in large, stationary standby 
power batteries. These batteries use alloys 
containing 0.03-0.07% calcium. The alloy 
has sufficient strength for the application, but 
it is used principally because of its resistance 
to self-discharge and because it reduces water 
loss. The grids are large grained and resistant 
to growth. 


Reactivity of Lead—Calcium Alloys. Precise 
control of the calcium content is required to 
control the grain structure, corrosion resis- 
tance, and mechanical properties of lead—cal- 
cium alloys [12, 13]. Calcium reacts readily 
with air and other elements such as antimony, 
arsenic, and sulfur to produce oxides or inter- 
metallic compounds. In these reactions, cal- 
cium is lost and suspended solids reduce 
fluidity and castability. The very thin grids 
that are required for automotive batteries are 
difficult to cast from lead—calcium alloys. 

A rapid method to determine the calcium 
content of lead alloys is a liquid-metal titration 
with lead antimony (1%) [14]. The end point 
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is indicated by a gray oxide film pattern on the 
surface of a solidified sample of the metal 
when observed at a 45° angle to a light source. 
The basis for the titration is the reaction be- 
tween calcium and antimony. The percentage 
of calcium in the sample can be calculated 
from the amount of antimony used. If addi- 
tional calcium is needed in the alloy, the melt 
is sweetened with a lead—calcium (1%) master 
alloy. 


4.4.2 Lead—Calcium—Aluminum 
Alloys 


Lead-calcium alloys can be protected 
against loss of calcium by addition of alumi- 
num [15]. Aluminum provides a protective 
oxide skin on molten lead calcium alloys. 
Even when scrap is remelted, calcium content 
is maintained by the presence of 0.02% alumi- 
num. Alloys without aluminum rapidly lose 
calcium, whereas those that contain 0.03% 
aluminum exhibit negligible calcium losses, 
as shown in Figure 4.10 [16]. Even with less 
than optimum aluminum levels, the rate of ox- 
idation is lower than that of aluminum-free al- 
loys. 
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Figure 4.10: Effect of aluminum on loss of calcium: а) 
With 0.03% aluminum; b) Without aluminum. 
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Table 4.4: Mechanical properties of cast lead alloys. 
Content of alloying components, % 
ISO бый: 76%:006) 205, EDIT C EM cs 
Tensile strength, MPa 17.4 34.8 41.8 46.0 48.8 59.7 59.2 
Yield strength, MPa 9.0 24.3 27.9 34.8 38.2 46.0 55.8 
Elongation, % 55 30 15 20 15 15 15 
Time to failure at 20.9 MPa, h 10 30 50 100 850 > 10000 
Table 4.5: Mechanical properties of rolled lead alloys. 
Content of alloying components, % 
Property 
Cu, 0.06 Са. 0.06 Са, 0.04; Sn, 0.5 Са, 0.065; Sn, 0.7 Ca, 0.06; Sn, 1.3 Sb,6 
Tensile strength, MPa 17.4 32.8 48.8 62.8 69.6 30.6 
Yield strength, MPa 9.0 25.1 46.0 59.2 66.2 19.5 
Elongation, % 55 35 15 10 10 35 
Time to failure at 20.9 MPa, h 7 50 500 1000 1.5 


Producing lead-calcium-aluminum alloys 
is difficult. Calcium and aluminum can be 
added simultaneously to lead using a calcium 
(73%)-aluminum (27%) master alloy [17]. 
With this method, the calcium and aluminum 
contents can be precisely controlled. Pressed 
pellets of metallic aluminum and metallic cal- 
cium are also used. 

Lead alloys containing 0.09-0.15% cal- 
cium and 0.015-0.03 % aluminum are used for 
the negative battery grids of virtually all lead- 
acid batteries in the United States and are also 
used in Japan, Canada, and Europe. If the mol- 
ten alloy is held at too low a temperature, the 
aluminum precipitates from solution, rises to 
the surface of the molten alloy as finely di- 
vided aluminum particles, and enters the dross 
layer atop the melt. 


4.4.3 Lead-Calcium-Tin Alloys 


The addition of tin to lead-calcium alloys 
enhances the mechanical and electrochemical 
properties but reduces the rate of hardening 
compared to binary alloys. The positive-grid 
alloys for maintenance-free lead calcium bat- 
teries contain 0.3% or more tin and also alu- 
minum. 

Cast lead-calcium-tin alloys usually con- 
tain 0.06-0.11% calcium and 0.396 tin. They 
have excellent fluidity, harden rapidly, have a 
fine grain structure, and are resistant to corro- 


sion. Table 4.4 lists the mechanical properties 
of cast lead-calcium-tin alloys and other al- 
loys. 


Wrought lead—calcium~tin alloys contain 
more tin, have higher mechanical strength, ex- 
hibit greater stability, and are more creep re- 
sistant than the cast alloys. Rolled lead— 
calcium tin alloy strip is used to produce auto- 
motive battery grids in a continuous process 
[18]. Table 4.5 lists the mechanical properties 
of rolled lead-calcium-tin alloys, compared 
with copper-lead and lead-antimony (6%) al- 
loys. 


Lead Anodes. A major use for lead-calcium- 
tin alloys is lead anodes for electrowinning. 
The lead-calcium anodes form a hard, adher- 
ent lead dioxide layer during use, resist corro- 
sion, and greatly reduce lead contamination of 
the cathode. Anodes produced from cast lead 
calcium (0.03-0.09%) alloys have a tendency 
to warp due to low mechanical strength and 
casting defects. 


Wrought lead calcium tin anodes have re- 
placed many cast lead calcium anodes [19]. 
Superior mechanical properties, uniform grain 
structure, low corrosion rates, and lack of cast- 
ing defects result in increased life for wrought 
lead-ealcium-tin anodes compared to other 
lead alloy anodes. 
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4.5 Lead-Tin Alloys 


The lead-tin phase diagram is shown in 
Figure 4.11 (3]. It exhibits a eutectic point at 
61.9% tin and 183 °C. The solid solubility of 
tin at 183 °C is 19%, decreasing to 1.996 at 
25 °C. 


Solders. The major use of lead-tin alloys is as 
solders for sealing and joining metals. Solders 
range in composition from 30 to 98% lead, the 
remainder being tin. Lead-tin (296) solder is 
used to seal the side seams of steel (tin) cans. 
Addition of 0.5% silver to the alloy signifi- 
cantly improves the creep strength which is 
essential in pressurized cans. Pre-tinned cans 
allow the use of low-tin solder. High-speed 
manufacturing of cans requires an alloy with a 
very narrow freezing range. 
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Figure 4.11: Phase diagram of the lead-tin system [3]. 
Reproduced from reference [3] by permission of the pub- 
lisher. 

Lead-tin alloys containing 40-50% tin are 
used for general-purpose soldering. Low- 
melting lead-tin solder with 6396 tin is used 
for electronic soldering, particularly for 
printed circuit boards. Lead alloys with 15— 
30% tin are used for soldering automobile ra- 
diators and other types of heat exchanger. A 
lead alloy containing 2.5% tin and 0.5% silver 
is used when high-temperature fatigue and 
creep strengths are required, for example, in 
soldered connections in heat exchangers. Sol- 
ders with 35-40% tin have a wide plastic 
range and are used for wiping lead joints. 
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Sometimes, 0.5-2.0% antimony is added to 
improve mechanical properties. Antimony 
contents of 0.2-0.5% prevent brittle phase 
transformations at low temperatures. 


Corrosion Protection. Lead-tin alloys are 
used for corrosion-resistant coatings on steel 
and copper. Teme steel is steel sheet coated 
with a lead alloy containing 15-20% tin. This 
alloy contains sufficient tin to alloy with the 
surface of the steel. Terne sheets are produced 
flat or coiled, carrying different coating 
weights. These coated sheets are used for ra- 
dio and television chassis, roofs, fuel tanks, air 
filters, oil filters, gaskets, metal furniture, gut- 
ters, and downspouts. Teme steel has good 
corrosion resistance, draws well, is relatively 
cheap, and offers a good base for painting. 

A similar coating, containing 4% tin, is ap- 
plied to copper sheet and is used primarily for 
building flashings (ASTM B101-83) [8]. 
Other lead-tin alloys, usually with 50% tin, 
are applied as coatings to steel and copper 
electronic components for corrosion protec- 
tion, appearance, and ease of soldering. Lead— 
tin alloys can be built up easily to any desired 
thickness by electroplating from a fluorobo- 
rate solution. Electroplated coatings are not 
recommended for corrosion protection be- 
cause they tend to be porous. 


Tin is also used as an alloying element in 
lead-antimony alloys to improve fluidity and 
to prevent drossing; in lead-calcium alloys to 
improve mechanical properties and enhance 
electrochemical performance; in lead-arsenic 
alloys to maintain a stable composition; and as 
an additive to low-melting alloys. 


Lead-tin (1.8-2.5%) is used as a cable 
sheathing alloy (BS 801 alloy A and DIN 
17640). Tin is generally added to lead-arsenic 
cable alloys in small amounts. The arsenic al- 
loys have excellent creep resistance and me- 
chanical properties, but are unstable and lose 
arsenic readily by oxidation. The addition of 
small amounts of tin (0.10-0.20%) eliminates 
arsenic loss. Lead alloys having 0.496 tin and 
0.15% cadmium, which are used for cable 
sheathing, do not age harden, show excellent 
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corrosion and creep resistance, and are very 
ductile. 


4.6 Lead-Copper Alloys 


Copper is an alloying element as well as an 
impurity in lead. The lead-copper system has 
a eutectic point at 0.0696 copper and 326 °C. 
In lead refining, the copper content can thus be 
reduced to about 0.08% merely by cooling. 
Further refining requires chemical treatment. 
The solubility of copper in lead decreases to 
about 0.005% at 0 °C. 


High-copper lead alloys generally contain 
60-70% copper. The mechanical properties of 
sand-cast copper lead alloys are shown in Ta- 
ble 4.6. The high-copper alloys are difficult to 
cast and are susceptible to extensive segrega- 
tion. Cast lead-copper (60-70%) alloys are 
used as bearings and bushings for high-tem- 
perature service. The cast alloys have been re- 
cently replaced by sintered copper powder 
products infiltrated with lead to produce more 
uniform distribution of the lead. 


Table 4.6: Mechanical properties of sand-cast copper- 
lead alloys. 


Lead content 
Property 
3095 40% 
Tensile strength, MPa 55.8-62.8 52.3-59.2 
Elongation, % in 50.8 mm 6-8 6-8 
Compressive strength, MPa 20.9 17.5 
Brinell hardness 23-33 


20-30 


Only lead alloys containing copper below 
0.08% have practical applications. Lead sheet, 
pipe, cable sheathing, wire, and fabricated 
products are produced from lead-copper al- 
loys with copper contents near the eutectic 
composition. Lead-copper alloys in the range 
0.03-0.08% copper are covered by many 
specifications: ASTM B29-79 (-84) [8], QQL 
171 (United States), BS 334, HP2 Type 11 
(Canada), DIN 1719, and AS 1812 (Austra- 
lia). Lead-copper alloys are specified because 
of superior mechanical properties, creep resis- 
tance, corrosion resistance, and high-tempera- 
ture stability. 
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Lead—copper alloys are the primary mate- 
rial used in the continuous extrusion of cable 
coverings for the electrical power cable indus- 
try in the United States. Other alloys, contain- 
ing tin and arsenic as well as copper, have also 
been developed for cable sheathing in the 
United States to provide higher fatigue 
strength. 


Extruded or rolled lead-copper alloys con- 
tain a uniform dispersion of copper particles in 
a lead matrix. Because the solid solubility of 
copper in lead is very low, copper particles in 
the matrix remain stable up to near the melting 
point of lead, maintaining uniform grain size 
even at elevated temperature. 

Copper-containing lead alloys undergo less 
corrosion in sulfuric acid or sulfate solutions 
than pure lead or other lead alloys. The uni- 
formly dispersed copper particles give rise to 
local cells in which lead forms the anode and 
copper forms the cathode. Through this anodic 
corrosion of the lead, an insoluble film of lead 
sulfate forms on the surface of the lead, passi- 
vating it and preventing further corrosion. The 
film, if damaged, rapidly reforms. 

Lead-copper alloys are also used as tank 
linings, tubes for acid-mist precipitators, 
steam heating pipes for sulfuric acid or chro- 
mate plating baths, and lead sheathing for 
roofs, 


4.7 Lead-Silver Alloys 


Silver readily forms alloys with lead. Lead 
is often used as a base metal solvent for silver- 
recovery processes. The lead silver system is a 
simple eutectic with the eutectic point at 2.5% 
silver and 304 °C. The solid solubility of sil- 
ver in lead is 0.10% at 304 °C, dropping to 
less than 0.02% at 20 °C. 

Lead-silver alloys show significant age 
hardening when quenched from elevated tem- 
perature. Because of the pronounced harden- 
ing which occurs with small amounts of silver, 
the content of silver as an impurity in pure 
lead is restricted to less than 0.0025% in most 
specifications. Small additions of silver to 
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lead produces high resistance to recrystalliza- 
tion and grain growth. 

The major uses for lead-silver alloys are as 
anodes and high-temperature solders. Only 
lead-silver alloys containing less than 6% sil- 
ver are used commercially. Lead alloys con- 
taining 0.75-1.25% silver are used as 
insoluble anodes in the electrowinning of zinc 
and manganese. Some zinc refineries have re- 
duced the silver content of the anodes to as 
low as 0.25%. Lead-calcium-silver anodes 
are also used for zinc electrowinning. Silver 
promotes the formation of very hard, dense, 
electrically conducting layers of lead dioxide 
on the surface of the anode. 


Silver reduces the oxygen evolution poten- 
tial at the anode, which reduces the rate of cor- 
rosion and decreases lead contamination of the 
cathode. Lead-antimony-silver alloy anodes 
are used for the production of thin copper foil 
for use in electronics. Lead-silver (2%), lead— 
silver(1%)-tin(1%), апа lead-antimony 
(6%)-silver(1-2%) alloys are used as anodes 
in cathodic protection of steel pipes and struc- 
tures in fresh, brackish, or sea water. The lead 
dioxide layer is not only conductive, but also 
resists decomposition in chloride environ- 
ments. Silver-free alloys rapidly become pas- 
sivated and scale badly in sea water. 


Silver is also added to the positive grids of 
lead-acid batteries in small amounts (0.005— 
0.05%) to reduce the rate of corrosion. 


Lead-silver alloys are used extensively as 
soft solders; these contain 1-6% silver. Lead— 
silver solders have a narrower freezing range 
and higher melting point (304 °C) than con- 
ventional solders. Solders containing 2.5% 
silver or less are used either as binary alloys or 
combined with 0.5-2% tin. Lead-silver sol- 
ders have excellent corrosion resistance. The 
composition of lead-silver solders is listed in 
ASTM B32-87 (solder alloys) [9]. 


4.8 Lead-Tellurium Alloys 


Tellurium is often used in lead alloys when 
high mechanical strength at minimal alloy 
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content is required. It is used for pipes and 
sheets, shielding for nuclear reactors, and ca- 
ble sheathing. Lead alloys containing 0.035- 
0.10% tellurium generally also contain copper 
in amounts of 0.03-0.08%. The U.S. Federal 
Specifications QQL-201F and ASTM B749. 
85 [8] cover the use of wrought lead-tellurium 
alloys. Lead-tellurium alloys for cable sheath- 
ing are specified by DIN 17640. 


Cold-rolled alloys of lead with 0.06% tellu- 
rium often attain ultimate tensile strengths of 
25-30 MPa. High mechanical strength, excel- 
lent creep resistance, and low levels of alloy- 
ing elements have made lead-tellurium alloys 
the primary material for nuclear shielding for 
small reactors such as those aboard subma- 
rines. The alloy is self supporting and does not 
generate secondary radiation. 


Wrought or extruded  lead-tellurium 
(0.035-0.10%) alloys produce extremely fine 
grains. The binary alloy is, however, suscepti- 
ble to recrystallization. The addition of copper 
or silver reduces grain growth and retains the 
fine grain size. Since tellurium is a poison for 
sealed lead-acid batteries, the tellurium con- 
tent of lead and lead alloys used for such pur- 
poses is usually restricted to less than 2 ppm. 


4.9 Low-Melting Alloys 


Lead alloys with large amounts of bismuth, 
tin, cadmium, and indium that melt at rela- 
tively low temperatures (10-183 °C) are 
known as fusible or low-melting alloys. The 
specifications of many of these alloys are 
listed in ASTM B 774-88 [8]. 


These alloys are used as fuses, sprinkler 
system alloys, foundry pattern alloys, molds, 
dies, punches, cores, and mandrels where the 
low-melting alloy is often melted out of a 
mold. The alloys are also used as solders, for 
the replication of human body parts, and as 
fillers for tube bending. Lead-indium alloys 
are often used to join metals to glass. 


Lead 


4.10 Reactive Lead Alloys 


Strontium-lead alloys behave similarly to 
lead-calcium alloys in terms of mechanical 
properties and performance, Lead-strontium 
(0.08-0.20%) alloys, also containing alumi- 
num, have been used as battery рпа alloys. 
They have excellent fluidity, harden rapidly, 
and have excellent resistance to corrosion. 
However, these alloys overage rapidly, result- 
ing in significant loss of mechanical strength 
within several days. The addition of 1% or 
more of tin is required to resist overaging. The 
high cost of lead-strontium alloys compared 
to lead-calcium alloys has restricted their use. 
Lead-strontium-tin alloys are used as anodes 
for copper electrowinning. 

Lead-lithium and lead-lithium-tin alloys 
have been proposed as alloys for lead—acid 
battery grids because of very rapid aging and 
very high mechanical properties. These alloys 
are, however, susceptible to grain boundary 
corrosion. Lead-lithium alloys containing 
strontium, barium, and calcium have been 
used for bearings. The high melting point and 
the retention of mechanical properties and sta- 
bility at high temperature make these alloys 
particularly attractive for bearings. The addi- 
tion of aluminum to prevent oxidation permits 
casting at high temperatures without oxida- 
tion. 


4.11 Occupational Health 
and Safety 


Because of the toxicity of lead, special care 
must be taken when working with lead alloys. 
Lead and its inorganic compounds are neuro- 
toxins which may produce peripheral neuro- 
pathy. For an overview of the effects of lead 
exposure, see Occupational Exposure to Lead, 
Appendix A (29CFR 1910.1025) [20]. 

Most lead alloys are first melted during 
processing. The melting or fusing of lead al- 
loys may generate lead oxides, drosses, or 
fumes which can present a health hazard. The 
major routes for absorption of lead metal are 
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inhalation and ingestion. Inhalation can be 
avoided by use of ventilators and respirators 
where the exposure is above the permissible 
exposure limit (PEL) or the threshold limit 
value (TLV) specified by OSHA (United 
States) or other local, municipal, or federal 
regulations. These limits vary considerably by 
industry and country but generally consist of a 
PEL of ca. 50-200 ug/m? of lead in air, and 
lead levels of 50-100 ug/dL in whole blood. 

Coveralls or other full-body clothing 
should be wom when working with lead alloys 
and properly laundered after use. Hard hats, 
safety glasses, safety boots, and other safety 
equipment should be worn as appropriate for 
the industrial environment where the lead al- 
loys are used. Hands, face, neck, and arms 
should be washed before eating or smoking. 

Lead-antimony or lead-arsenic alloys must 
not be mixed with lead-calcium(aluminum) 
alloys in the molten state. Addition of lead- 
calcium-aluminum alloys to lead-antimony 
alloys results in reaction of calcium or alumi- 
num with the antimony and arsenic to form ar- 
senides and antimonides. The dross containing 
the arsenides and antimonides floats to the 
surface of the molten lead alloy and may gen- 
erate poisonous arsine or stibine if it becomes 
wet. Care must be taken to prevent mixing of 
calcium and antimony alloys and to ensure 
proper handling of drosses. 

If the temperature of a molten lead-cal- 
cium(tin)-aluminum alloy is not kept suffi- 
ciently high, finely divided aluminum 
particles may precipitate and float to the top of 
the melt. They may become mixed with oxides 
of lead in the dross. The finely divided alumi- 
num particles can react violently with the ox- 
ides in the dross if ignited. Ignition can occur 
1f attempts are made to melt or "bum" the 
dross away from areas of buildup with a torch. 
The oxides in the dross can supply oxygen for 
the combustion of aluminum once ignited. 

Despite the benefits of lead and lead alloys 
the use of these materials is declining rapidly, 
due primarily to environmental health and 
safety factors. For many years, lead alloys 
have been the material of choice for many cor- 
rosive environments, but they are now being 
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replaced by stainless steel, plastics, and exotic 
metals. The toxic nature of lead requires spe- 
cial precautions and handling not necessary 
with other materials. These requirements have 
reduced the usage of lead alloys. 
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5.1 Introduction 


Zinc recrystallizes just above room temper- 
ature and has low creep resistance. It is there- 
fore only suitable as a construction material 
when alloyed. The alloying elements, mainly 
Al, Cu, Ti, and Mg, cause grain refinement, 
mixed crystal formation, or precipitation hard- 
ening, thereby considerably improving the 
mechanical properties. 

The properties of zinc alloys are largely de- 
termined by the hexagonal structure of zinc 
(c/a ratio 1.856). The physical and mechanical 
properties and plastic deformation behavior 
vary with the orientation with respect to the 
principal hexagonal axis (anisotropy). There 
can also be marked texturization due to cast- 
ing and deformation, such that characteristic 
values depend on the direction of the deforma- 
tion. No significant hardening occurs on cold 
working, as recovery and relaxation take place 
rapidly. Recrystallization by seed formation 
begins at temperatures in the range 100- 
300 °С and above, depending on the alloy 
type. 

The industrial zinc alloys combine out- 
standing metal forming properties with a well- 
balanced range of application properties. Cast- 
ing alloys can be machined and ductile alloys 
can be formed using standard methods in each 
case. 


Corrosion Behavior. Zinc alloys can be 
coated by the usual methods of electroplating, 
vapor deposition, or painting. Corrosion resis- 
tance can be improved by chromating or phos- 


1 Forcopper-zinc alloys, see Chapter 3. 


phating. The alloys are amphoteric, dissolving 
in acids and strong alkalis. They are therefore 
widely used under mildly corrosive condi- 
tions, e.g., in water or solutions whose pH is in 
the range 6-12.5, and in the atmosphere. 
Strongly adherent insoluble (basic) coatings 
of hydrozincite are formed which inhibit fur- 
ther attack. Depending on the aggressiveness 
of the atmosphere, the annual corrosion rate 
can be between 1—4 pm (rural air) and 4-13 
um (industrial air) [9, 10]. 


Zinc undergoes galvanic corrosion by ions 
of more noble metals (e.g., copper), and con- 
tact corrosion can lead to pitting, although in 
structures in which zinc alloys are in contact 
with aluminum, iron, or stainless steel compo- 
nents, contact corrosion does not occur as the 
difference in electrode potential is too small. 


If foreign elements originating from the 
zinc ore, e.g., Pb, Cd, Sn, In, or Tl, are present 
in Zn-Al alloys, there is а tendency to inter- 
granular corrosion. This can be limited to 
some extent by adding Mg. This tendency is 
the reason why zinc alloys only became 
widely used when it became possible to pro- 
duce high-grade zinc (99.99-99.995%, DIN 
1706) on an industrial scale in the mid-1930s. 
Stress corrosion of zine alloys is not observed. 


Monographs are available on the corrosion 
behavior of zinc exposed to the atmosphere 
[11], in water [12], and in the presence of 
chemicals [13] and bitumen [14]. 


Methods of measuring the corrosion of zinc 
alloys are given in the following standards: 
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DIN 50017 Corrosion in damp-heat atmospheres 

DIN 50018 Corrosion by condensates: changeable cli- 
mates with SO,-containing atmospheres 

DIN 50021 Corrosion by mist sprays of various sodium 
chloride solutions 

DIN 50956 Tests of porosity of coatings on zine and zinc 
alloys: copper sulfate method 


DIN 50958 Corrosion testing of chromated articles: mod- 
ified Corrodkote method 


Also, tests are carried out in atmospheres 
saturated with water vapor and in autoclaves 
to simulate the behavior of castings exposed 
for long periods, Both tests also give informa- 
tion about casting defects in the surface. 


Material Properties. Testing of zinc alloys is 
regulated not only by national and interna- 
tional standards, but also by the industry stan- 
dards of the European zinc producers, e.g., for 
the following tests: 


e Tensile testing of sheet and strip under 
uniaxial stress. 


e Tensile testing of pressure die cast test 
pieces (DIN 50148) 


e Vickers or Brinell hardness testing (DIN 
50351) 


e Flat bending fatigue test on sheet, strip, and 
pressure die cast test pieces (DIN 50100) 


e Notched bar (Charpy) impact test (DIN 
50116, July 1982) 


e Folding behavior 

The material tests also measure variations 
in some characteristic values with testing rate, 
an effect typical of zinc alloys. For cxample, 
tensile strength increases with increasing 
strain rate, while elongation decreases. 

A comprehensive metallographic atlas of 
zinc and zinc alloys has been produced by the 
European zine manufacturers [15]. 


5.2 Casting Alloys 


ZnAl(Cu) Alloys. Standard specifications for 
casting alloys are given in DIN 1743 (April 
1978) Sheet 1 (ingots) and Sheet 2 (castings). 
The main alloying elements are Al, Cu, and 
Mg, and the zinc has a purity of 99.99— 
99.995% (DIN 1706). The solubility of Al in 
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Zn in the solid state is only 0.2% (see Zn-Al 
phase diagram, Figure 5.1), and that of Cu 
2.7%. The decreasing solubility of both alloy- 
ing elements with decreasing temperature 
causes segregation processes and hence grain 
refinement and a considerable improvement in 
the mechanical properties, especially tensile 
strength, hardness, and impact strength. Alu- 
minum lowers the solubility of Fe, so that 
molten Zn can be melted and kept molten in 
iron vessels. The Mg addition (up to 0.0694) 
inhibits intercrystalline corrosion and com- 
pensates for the harmful effect of companion 
elements (DIN 1743). It also increases the 
hardness. 


Typical of ZnAl and ZnAlCu alloys is the 
eutectoid structural transformation in the two- 
component system (beta decomposition of the 
Al-rich mixed crystal) or phase transformation 
of the T-phase in the three-component system. 
Both phenomena cause dimensional changes 
and deterioration of mechanical properties 
(aging), but do not affect the technical applica- 
tion properties. 
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Figure 5.1: Zn-Al phase diagram. 
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Table 5.1 lists the ZnAl(Cu) alloys, some 
specified in DIN 1743, with their designa- 
tions, material properties, compositions, and 
typical applications. For pressure die casting 
(indicated by the letters GD), alloys contain- 
ing ca. 4% Al and ca. 1% Cu (Z 410) and Cu- 
free alloys containing ca. 4% Al (Z 400) are 
used, In Germany, the alloy Z 410 accounts for 
90% of total consumption, whereas ca. 90% 
of U.S. consumption is of Cu-free alloy. 


The standard alloys for sand casting (indi- 
cated by S) or gravity die casting (indicated by 
GK) include those containing 4% Al and 3% 
Cu (Z 430) and the quasi-eutectic alloy con- 
taining 6% Al and 1% Cu (Z 610). Other al- 
loys containing 8, 12, and 27% Al (ZA 8, 12, 
and 27) have been developed as casting and 
forging alloys for special applications. There 
is also an alloy containing 30% Al and 5% Cu 
for use in plain bearings. 


Uses and Casting Methods. High-purity or 
fine zinc (FZn) alloys are mainly used in auto- 
matig, pressure-die casting plants, in which a 
measured quantity of molten alloy at 390- 
420 *C (the casting temperature) is rapidly in- 
jected at high pressure into a stecl die with a 
temperature of 160—200 *C. The cast compo- 
nent so fonned is dimensionally very accurate 
and requires very little treatment to remove 
sprue and flash. The cast components have an 
excellent surface finish which can be further 
improved electrolytically, chemically, or by 
coating with organic materials. In Germany, 
ca. 10'? cast components are produced annu- 
ally. The smallest components, with wall 
thicknesses of 0.3-1.0 mm, сап be produced at 
rates of 500-5000 shots per hour, aud medium 
sized components with wall thicknesses of 
1.0-2.0 mm at 100-400 shots per hour. (Note 
that dies with several cavities, i.e., multiple 
dies, can produce several components per 
shot.) Large components with wall thick- 
nesses of 1.2-3.0 mm can be produced at the 
rate of 60--150 components per hour. The steel 
dies have a working life of 500 000—5 000 000 
shots. Cavities and recesses in the components 
can be cast directly. 
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Pressure die casting is an economical pro- 
cess which enables complex components to be 
produced. The small wall thicknesses cannot 
be produced by any other casting process or 
casting alloy. Even so, wall thicknesses of > 
50 mm can also be obtained. 

The dies are hardened permanent molds of 
high-grade hot-forming tool steel. Gating 
technology in pressure die casting is based on 
the latest findings of fluid mechanics. Molten- 
metal flow rates can reach 80 m/s. 

Zinc pressure die castings have a wide 
range of uses as components in the automobile 
industry, bicycle and motor car wheels, ma- 
chinery and equipment, vending machines, of- 
fice machines, domestic appliances, precision 
equipment, electrical technology, and a wide 
range of everyday utensils. 

Sand and gravity die casting of zinc alloys 
is preferable to pressure die casting if tlie num- 
ber of castings required does not justify manu- 
facture of dies. In sand casting, the patterns 
can be made of wood, gypsum, metal, or plas- 
tics. Casting temperatures are 420—480 ?C for 
Z 430, and 390—420 °C for the quasi-eutectic 
alloy Z 610. The shell or Croning process can 
also be used. 

Gray iron molds are suitable for gravity die 
casting. The castings obtained have a 
smoother surface than those produced by sand 
casting. Casting temperatures are the same as 
those for sand casting. Mold temperatures are 
usually in the region of 200 °C. Sheet metal 
pressing tools are manufactured by zinc cast- 
ing. These can be accurately cast, minimizing 
fettling costs. The self-lubricating propertics 
of zinc are utilized in sheet metal pressing. 
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ZnCuTi Alloys. Pack-rolled ductile zinc al- 
loys based on commercial zinc (purity 98.5- 
99.5% Zn, the rest mainly Pb) were produced 
until the nud-1960s. This was followed by 
rapid developments that led to the production 
of rolled strip ZnCuTi materials (titanium 
zinc) in which the principal component was 
high-purity (99.995946) zinc. Titanium zinc is a 


Ductile Alloys 
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zinc alloy in accordance with DIN 17770, con- 
taining 0.1-0.8% Cu, 0.08-0.15% Ti, and 
0.002-0.01% Al. It is dispersion-hardened “in 
situ”, the dispersoids being the intermetallic 
compounds TiZn,, and e-Zn-Cu. A combina- 
tion of alloying, rolling, and heat treatment 
leads to materials with relatively high creep 
strength (creep limit 2 50 N/mm? for 1%/a 
elongation), good mechanical properties (ten- 
sile strength > 150 N/mm, 0.2% offset yield 
stress 2 100 N/mm?), high ductility (fracture 
strain 2 40%) and good working properties 
(e.g., solderability). They are mainly used in 
the building industry for roof drainage sys- 
tems, flashing, and non-load-bearing profiles. 
Using a special technique, titanium zinc can 
be deep drawn like brass or steel. 


Other Ductile Alloys. Etched plates of FZn- 
Al-Mg alloys (ca. 0.01% Al, ca. 0.05% Mg) 
are used for graphic letterpress printing, FZn- 
Pb-Cd alloys (0.03-1.0% Pb, 0.03-1.0% Cd) 
for the negative electrodes of primary cells, 
and FZn-Mn alloys (up to 1.0% Mn) for 
stampings. 

During World War II, zinc hot pressing al- 
loys and zinc conductors were used as substi- 
tutes for other nonferrous metals, and high-Al 
alloys were sometimes used as low-tempera- 
ture alloys. 

Superplastic ductile Zn-Al alloys contain- 
ing, e.g., 4 or 22% Al (trade name Zilön) have 
become of some industrial importance. Tita- 
nium zinc has superplastic forming properties 
under certain conditions. 

Forging alloys (Zn-Al alloys containing 12 
or 27% Al) are used in special applications. 


5.4 Zinc Alloys for Special 
Applications 


Zinc performs an extremely important 
function in preventing the corrosion of steel, 
and a series of special zinc alloys (mainly 
based on commercial zinc, DIN 1706) have 
been developed for hot-dip galvanizing or for 
use in cathodic corrosion protection: 
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e Zinc containing 0.05-0.3% Pb and 0.15- 
0.35% Al (Sendzimir galvanizing) 

e Zinc alloy containing 55% Al and 1.0% Si 
(Galvalume, Zincalume) 

e Zinc alloy containing 5% Al and 0.1% SE 
(Galfan) 

Master alloys for hot-dip galvanizing: 

e Zinc alloy containing 4.5% or 9% Al 

e Zinc containing 0.05% Al, 0.008% Mg, 
0.15% Sn (Polygalva for galvanizing Si- 
containing steel) 

e Zinc having 1% Pb and reduced Cd content 
(0.05% Cd) for pipes for potable water 
(DIN 2444) 

Anodes for cathodic corrosion protection: 

Zinc with “activating” additives, e.g., Al, Cd. 


5.5 Economic Aspects 


The pattern of consumption of zinc in the 
western world and in Germany in 1991 is 
given in the following: 


Castings 117 6001 
Brass production 114 0001 
Galvanizing 92 8001 
Semifinished products 95 0001 
Chemical products 

(including dust and powder) 23 1001 
Others 7400t 


Western World consumption was 5.36 x 
106 t, and total World production was 6.89 x 
106 t. 


5.6 References 


1. Н. J. Holtmeier, M. Kuhn in: Zink — der vielseitige 
Werkstoff, Mitteilung aus den Arbeitsbereichen der 
Metallgeselischaft, vol. 22, Frankfurt 1980, pp. 95— 
97. 


ю 


Zinkberatung e.V. (eds.): Zink-Taschenbuch, Me- 
tall-Verlag, Berlin-Heidelberg 1981. 

3. Zinkberatung e.V. (eds.): Gießen mit Zink, Düssel- 
dorf 1982. 

Metallgesellschaft: Mitteilungen aus den Arbeits- 
bereichen, issue 22: Zink, der vielseitige Werkstoff, 
Frankfurt 1980. 

5. С. Wassermann, P. Winchierz: Das Metall-Labora- 
torium der Metallgesellschaft AG, 1918-1981 


ғ 


(Chronik und Bibliographie), Metallgesellschaft, 
Frankfurt 1981. 


126 


10. 


11. 


. W. Heine, U. Zwicker, Z. Мега Ка. 53 (1962) 380- 


388. 


. F. E. Goodwin, А. L. Ponikvar: Engineering Prop- 


erties of Zinc Alloys, ILZRO, 1988. 


. Zinkberatung e.V. (eds.) Technische Mitteilung 


Zink-Druckguf, Schriftenreihe V 3.25: Optimierte 
Legierungs- und Gieftechnik für Konstruktionen in 
Zink-Druckguß, Feb. 1984; V. 3.34: Untersuchun- 
gen an den Zinkdruckguß-Legierungen Z400, 2410, 
2430, ZA8, Aug. 1990, Düsseldorf. 


. H.-J. Bottcher, Werkst. Ihre Veredl. 4 (1982) 109- 


113. 

Beratungsstelle für Stahlverwendung (eds.): Merk- 
blatt 400 „Korrosionsverhalten von feuerverzink- 
tem Stahl", 4th ed., Düsseldorf 1983. 

G. Schikorr in Zinkberatung e.V (eds.): Korrosions- 
verhalten von Zink, vol. 1: Verhalten von Zink an 
der Atmosphäre, Metall- Verlag, Berlin 1962. 


12. 


13. 


14. 


15. 


Alloys 


W. Wiederholt in Zinkberatung e.V. (eds.): Korro- 
sionsverhalten von Zink, vol. 2: Verhalten von Zink 
in Wässern, Metall-Verlag, Berlin 1965. 


W. Wiederholt in Zinkberatung e.V. (eds.): Korro- 
sionsverhalten von Zink, vol, 3: Verhalten von Zink 
gegen Chemikalien, Metall-Verlag, Berlin 1976. 


C. A. Witt, D. Haller in Zinkberatung e.V. (eds.): 
Korrosionsverhaiten von Zink, vol 4: Verhalten von 
Zink in Verbindung mit bituminósen Baustoffen, 
Metall-Verlag. Berlin 1976. 

C. A. Witt in Zinkberatung e.V (eds.): Korrosions- 
verhalten von Zink, vol 4-11: Verhalten von Zink in 
Verbindung mit Bitumen — Korrosion und Prüfung, 
Metall- Verlag, Berlin 1980. 


Centre de recherches métallurgiques (eds.): Euro- 
paische Zinkerzeuger: Metallographischer Atlas für 
Zink und Zink-Legierungen, Liege, Belgium, 1981. 


Alloys : Preparation, Properties, Applications 


6 Tin 


Edited by Fathi Habashi 
copyright © WILEY-VCH Verlag GmbH, 1998 


GÜNTER С. GRAF 
6.1 Шіговисйоп..................... 127 
6.2 Tin 1Лепвй8..................... 127 
63 бо]егѕ.......................... 128 
6.4 Low-Friction Materials and 

Bronzes ........... oV a 128 


6.5  Sintering Metallurgy of Bronzes... 128 


6.1 Introduction 


Tin is one of the most important constitu- 
ents of low-melting nonferrous alloys. The 
following important properties of the metal 
are exploited 


e Low melting point 

e Low hardness 

e Good wetting properties 

e Effective incorporation of foreign particles 
e Good compatibility with foodstuffs 
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6.2 Тіп Utensils 


Тіп utensils have been produced for over 
5000 years, and well-preserved examples exist 
from the various epochs. 

Tin utensils are always made of tin alloys, 
as the pure metal is too soft. The most impor- 
tant alloying elements are antimony, copper, 
and lead. The tin is usually melted first, and it 
then readily forms alloys with pure metals, 
which have good solubility properties. To 
minimize burning, especially of antimony, 
master alloys are usually used. 

As tin has good flow and casting properties, 
casting is the most important method of pro- 
ducing tin articles. All the processes used in a 
modem foundry are suitable. Those most of- 
ten used are sand, shell, centrifugal, and pres- 
sure die casting. The casting methods are 


6.6 Low-Melting Alloys.............. 128 
67 Ашта(рашпв....................... 129 
6.8 Alloy Соайпрѕ................... 129 
6.9 Additions to Alloys............... 129 
6.10 Sinter МеќаПигру.,............... 129 
6.11 Кетегепсев....................... 129 


sometimes automated, whereby the low cast- 
ing temperatures make small demands on the 
material used for the shells and molds. 

As very thin-walled cast tin cannot always 
be produced, pressure forming methods are 
now also widely used. For example, a circular 
sheet can be spun over a former. This method 
is especially suitable for simple rotationally 
symmetrical items without asymmetrical sur- 
face effects. 

Owing to the good forming properties of 
tin, other methods can also be used. For exam- 
ple, stamping and extrusion present no special 
problems, and individual items can be pro- 
duced by forging and hammering processes. 

The composition of the metal used to pro- 
duce tin articles is specified in DIN 17810 and 
the materials regulation RAL-RG 683. The 
DIN 17810 specification is as follows: 


Grade Sn 90-10 
Material no. 2.3710 

Tin min. 90% 
Antimony 57% 
Copper s3% 
Silver 54% 
Lead max. 0.5% 
Sum ofothers 0.3% 


The lead limit of 0.5% is imposed merely 
because this is technically feasible. It has been 
shown that a lead content of 2% leads to insig- 
nificant releases of lead even after utensils 
have been kept at unusually high temperatures 
and for unusually long periods of time. 
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6.3 Solders 


Most solders are based on the tin lead bi- 
nary system, which has a eutectic at ca. 63% 
tin and 183 °C. The solid solubility of 1-2% 
lead in tin and 13% tin in lead is not relevant 
to production conditions. 

In solder applications, it is of great impor- 
tance to know what percentage of impurities 
can cause problems, and, conversely, whether 
alloying elements can have a detrimental ef- 
fect on soldered joints under certain condi- 
tions. This question is extremely important in 
the electronics industry because of the small 
amounts of solder used in a soldered joint, and 
the small distances between the soldered 
joints. The state of knowledge is as follows [3, 
Chap. 5.8]: 


Zinc: Visible impairment of the surface of the sol- 
der by oxide formation at 0.005%. Recom- 
mended limit: 0.00194. 

Aluminum: Impairment of adhesive bond, hot brittle- 


ness, and dull appearance at 0.005%. Rec- 
ommended limit: 0.001 %. 

Phosphorus: Increased oxidation at 0.001%. Lower con- 
centrations reduce oxidation in unstirred 
baths. 

It is known that other elements, such as ar- 
senic and sulfur, can have detrimental effects, 
but precise quantitative experimental results 
are not available. 


6.4 Low-Friction Materials 
and Bronzes 


Low-friction materials and bronzes have 
the following useful properties: 


e High mechanical strength with good electri- 
cal conductivity 

e Good soldering properties 

e Extremely good properties as a bearing (an- 
tifriction) metal 

ө Good machinability at room temperature 

e Good general corrosion resistance towards 
the atmosphere and seawater, and, in the 


case of zinc-free alloys, towards stress cor- 
rosion 
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Apart from cast articles, the most important 
forms are wire, rolled profile, sheet, and strip. 
The material is also used in bearings and in the 
chemical industry. Its use in domestic items, 
e.g., fittings and mountings, is also consider- 
able. The alloys are classified as casting alloys 
and wrought alloys, the latter having lower tin 
contents. Some important copper tin alloys, as 
specified in DIN 1705/1716, are listed in the 
following: 


Gunmetal 
G-Cu Sn 12 
G-Cu Sn 12 Ni 
G-Cu Sn 12 Pb 
Red bronze 
G-Cu Sn 10 Zn 88% Си, 10% Sn, 2% Zn 

G-Cu Sn 7 Zn Pb 83% Cu, 7% Sn, 4% Zn, 6% Pb 
Leaded bronze 


88% Cu, 12% Sn 
86% Cu, 12% Sn, 2% Ni 
86% Cu, 12% Sn, 2% Pb 


G-CuPb5Sn 85% Си, 5% Pb, 10% Sn 
G-Cu Pb 15Sn 77% Cu, 15% Pb, 8% Sn 
С-Си РЬ 22 Sn 76% Cu, 22% Pb, 2% Sn 
Wrought alloy 

Cu Sn 2 98% Cu, 2% Sn 

Cu Sn 6 94% Cu, 6% Sn 

Cu Sn 6 Zn 88% Cu, 6% Sn, 6% Zn 


Although the copper-tin alloys are some of 
the oldest materials used by humans, their de- 
velopment is not yet exhausted even today. 

The most important development aims are 
improvement of mechanical properties and 
corrosion resistance, and reduction of the tin 
content. 


6.5 Sintering Metallurgy of 
Bronzes 


An interesting new use for tin is as an addi- 
tion in powder form when sintering bronze. 
Especially when this is for use as a bearing 
metal, economic advantages are obtained by 
the addition of 4% tin to the copper powder 
with or without lead addition. 


6.6 Low-Melting Alloys 


Low-melting alloys are of great importance 
in several technical applications. Their melt- 
ing points usuall lie significantly below 


Tin 


150 °C. Bismuth is always an essential alloy 
constituent. 

Their most important application areas are 
in mold making, safety systems for the pre- 
vention of fire and overheating, and stepwise 
soldering. 

Melting points, compositions, and areas of 
use of typical low-melting alloys are listed in 
Table 6.1. 


6.7 Amalgams 


Tin has been used for dental fillings since 
the Middle Ages, and amalgams since the 
1800s. Subsequent developments have led to 
the silver-tin amalgams used today. A typical 
amalgam has the following composition: 52% 
Hg, 33% Ag, 12.5% Sn, 2% Cu, 0.5% Zn. 

When the mixture of metals is ground to- 
gether, the following hardening reaction takes 
place: 


AgSn, + 4Hg > Ag,Hg; + Sn; ,Hg + Ag,Sn 


The metallographic structure of a dental 
amalgam consists of islands of solid undis- 
solved particles of alloy (Ag,Sn) in a soft ma- 
trix of silver and tin amalgams. 


6.8 Alloy Coatings 


Tin alloys are important in the production 
of coatings by electroplating and hot tinning. 
The most important of these are tin-zinc, tin- 
nickel, tin-cobalt, and tin-copper. 


129 


Tin-lead coatings are mainly used for cor- 
rosion protection and as a preparation for sol- 
dering. Electrolytically applied coatings must 
be treated with hot palm oil or by infrared 
heating. This melts the coating and can pre- 
vent the formation of whiskers. 

Tin-zinc coatings are increasingly replac- 
ing the toxic cadmium coatings. 

Tin-nickel and tin-cobalt coatings are 
mainly used in electrical installations, e.g., to 
produce electrical connectors. 


6.9 Additions to Alloys 


Tin is increasingly used as an alloy addition 
in the steel industry. The addition of 0.1-0.5% 
tin causes cast iron to solidify with a pure 
pearlitic structure, making it uniformly hard 
and wear-resistant. 


6.10 Sinter Metallurgy 


In the sinter metallurgy of iron, addition of 
2.5-5% of a tin-copper alloy (2:3) gives re- 
duced sintering temperatures and times, and in 
particular improves the dimensional accuracy 
of the sintered components. 
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Table 6.1: Melting points, compositions, and applications of typical low-melting alloys. 


Typical composition, % 
Melting point, °C > р sas 


Bi Sn Pb In 
47 447 83 22.6 19.1 5.3 
58 49.0 12.0 180 210 
70 49.4 129 277 10.0 
70-73 50.0 133 267 10.0 
96 52.0 160 320 
138-170 40.0 60.0 


Cd 


Applications 


test castings, fixing lenses 

fixing components 

supporting components 

tube bending, radiation protection, fixing components 
temperature fuses 

accurate molds, cores, gravity die casting 
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7.1 Introduction 


Nickel forms mixed crystals over a wide 
range with copper, manganese, iron, chro- 
mium, and other metals. It is mainly used as an 
alloying element in many nonferrous materi- 
als and steels (approximately 2000) to im- 
prove their strength, toughness, corrosion 
resistance, and high-temperature properties. 
About 60% of the primary nickel produced in 
the Western World is used in the production of 
stainless steels, and a further 13% is used in 
the production of nickel-base alloys, including 
pure nickel semifinished products. 

In 1988 primary nickel consumption by 
first use in the Western World broke down as 
follows (in %) [2]: 


Alloy steels 6 
Stainless steels 60 
Nonferrous nickel-base alloys 13 
Plating applications 10 
Foundry industry 6 
Other applications 5 


Nickel alloys have been standardized in 
most industrial countries. Table 7.1 lists the 
most important matenals standards in the 
USA. In Germany, the chemical compositions 
of nickel-base alloys are standardized 1n: 


DIN 17740 
DIN 17741 
DIN 17742 
DIN 17743 
DIN 17744 


Wrought nickel 

Wrought nickel alloys (low alloyed) 
Wrought nickel alloys with chromium 
Wrought nickel alloys with copper 
Wrought nickel alloys with molybdenum 
and chromium 

Wrought alloys of nickel ad iron with 
other alloying elements 


DIN 17745 
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and the mechanical properties in: 


DIN 17750 Plate, sheet and strip of wrought nickel 
and nickel alloys 

DIN 17751 Tubes of wrought nickel and nickel alloys 

DIN 17752 Rod and bar of wrought nickel and nickel 
alloys 

DIN 17753 Wire of wrought nickel and nickel alloys 


ISO Standards for nickel and nickel alloys 
have been under negotiation by the industrial 
national standard organizations for many 
years. Two basic ISO Standards have been is- 
sued so far: ISO 6372-01:1989 "Nickel and 
Nickel Alloys — Terms and Definitions, Part 
l, Materials” and ISO  6372-03:1989 
“Wrought Products and Castings". 

The following ISO Standards (still in the 
form of draft proposals) are expected to be 
published in 1991: ISO 9721, 9722, 9723, 
9724, 9725, 6207, and 6208. 

Nickel alloys are mainly used as corrosion- 
resistant materials or for their excellent high- 
temperature strength or special physical prop- 
erties. Accordingly, they can be divided into 
two principal groups: 

e Single-phase, solid-solution alloys that are 
primarily corrosion resistant at room and el- 
evated temperature. These have face-cen- 
tered cubic structures, moderate strength, 
and good weldability. Their applications of- 
ten depend on specific physical properties. 

e Precipitation hardening alloys, most of 
which have high-temperature strength and 
creep resistance (up to 1050 °C). These al- 
loys have a face-centered cubic matrix with 
precipitations. They have limited weldabil- 


ity (resistance welding or electron beam 
welding) or are unweldable. 


Developments in manufacturing techniques 
(argon oxygen degassing and vacuum oxygen 
degassing methods) have enabled new nickel 
alloys with improved properties to be pro- 
duced. Oxide dispersion strengthened alloys 
with very high creep strengths are manufac- 
tured by powder metallurgy. 


All nickel alloys may be further alloyed 
with aluminum, titanium, and/or niobium to 
render them age-hardenable. The age-hard- 


Table 7.1: ASTM standards for common nickel alloys [3]. 
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ened, creep-resistant Ni-Cr alloys are of par- 
ticular importance. 


The standard specifications of the United 
States (Table 7.1) or Germany are used to 
identify alloys when available; trade names 
are used to identify newer materials that have 
yet to be standardized. 


The solid solution alloys, which are mostly 
corrosion resistant, are fusion welded in the 
construction of equipment, pipework, and ves- 
sels by using standardized matching filler met- 
als. 


Material Product form 

(ASTM UNS) ofalloycomporitite sheet, trip Pod ber куры eines Forgings 
N 02 200 Ni 99 B162 B 160 B 161/163 B 725/730 
N02201 LC-Ni09 B162 B 160 B 161/163 B 725/730 
N 04 400 NiCu30Fe B127 B 164 В 163/165 B 564 
N 04 405 (NiCu30FeS) B 164 
N 06 600 NiCri5Fe B 168 B 166 B 163/167 B 516/517 B 564 
N 06 690 NiCr29Fe B 168 B 166 В 167 
N 06102 (NiCr15Mo3Nb3 W3) B519 В518 B 445 
М 06 625 NiCr21Mo9Nb B443 B 446 В 444 B 704/705 
N 06 007 (NiCr22Fe20M06.5CuNb) B 582 B 581 B 622 B 619/626 
N 06 002 (NiCr22Fe18Mo9W) В 435 В 572 В 622 В 619/626 
N 06 110 (NiCr31Mo9W3) B755 B 756 B 759 B 757/758 
N 06 001 (NiCr22M06.5Nb) B 436 
N 06 975 (NiCr24Mo6Ti) B 582 B581 B622 B 619/626 
N 06 985 (NiCr22Mo7) B582 В 581 B622 B 619/626 
N 08 800 X10NiCrAITi3220 B 409 B 408 B 163/407 B 514/515 B 564 
N 08 330 X10NiCr3519 В 536 В511 В 546/535/710 (В 515) 
N 08 825 NiCr21Mo B 424 B425 B 163/423 B 704/705 
N 08 221 (NiCr21Mo6) B 424 B 425 B 423 
N 08 020 (X6NiCrMoCuNb3520) B 463 B 473 B 464/468/729 B 474 B 472 
N 08 245 (NiCr20Mo2Mn5Nb) В 590 
N 08320 QGNiCrMo2622.5) B620 B621 B622 В 619/626 
N 10 665 NiMo28 B333 B335 B622 B 619/626 
N06 455 NiMol6Cr16Ti B575 B 574 B 619/626 
N 10 003 (NiMol7Cr7) B 434 В 573 
N 10 276 NiMol6Cr15W B 575 В 574 B 619/626 
B06 022 NiCr21Mo14W В 575 B 574 B 619/626 
N 07001 (NiCr20Co14Mo4Ti3) A637 A637 
N 07252 (NiCr19Co10Mo10TiAl) A637 A637 
N 07500 (NiCr18Co16Mo4TiAI) A 637 A 637 
N 07718 NiCr19NbMo A637 A637 
N 07750 (NiCr15Fe7TiAl) A637 A637 
N 07 080 NiCr20TiAl A637 A637 
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Table 7.2: Wrought nickel grades, standardized in DIN 17740 [7]. 
Material Composition, max. 96 

Designation Number Ni, піп." C Cu Fe Mg Mn S Si Ti 
Ni99.6 2.4060 99.6 0.08 0.1 0.2 0.15 0.3 0.005 0.01 0.01 
LC-Ni99.6 2.4061 99.6 0.02 0.1 0.2 0.15 0.3 0.005 0.1 0.1 
Ni99-2 2.4066 99.2 0.1 0.25 0.4 0.15 0.3 0.005 0.2 0.1 
LC-Ni99 2.4068 99.0 0.02 0.25 0.4 0.15 0.3 0.005 0.2 0.1 


a Includes max. 1% Со. 


Table 7.3: Tensile properties of plate (up to 50 mm thickness), sheet and strip (up to 2 mm thickness), DIN 17750. 


Tensile strength, 


Material designation Material no. MPa 
Ni99.6F370 2.4060. 10 370 
Ni99.6F490 2.4060.26 490 
Ni99.6F 590 2.4060.30 590 
LC-Ni99F340 2.4068.10 340 
LC-Ni99F430 2.4068.26 430 
LC-Ni99F540 2.4068.30 540 


Age-hardenable and oxide dispersion 
strengthened alloys cannot be fusion welded, 
and are either resistance welded or joined by 
using high-temperature nickel-base brazing 
alloys [1-6]. 


7.2 Wrought Nickel 


Wrought nickel (DIN 17740 and ASTM 
B160, B161, B162, B725, and B730) is used 
in the construction of equipment and vessels, 
for electrical and electronic components, and 
for coins. 

The grades covered by DIN 17740 are 
listed in Table 7.2. Weldable grades contain 
max. 0.02% C to avoid precipitation of graph- 
ite in the heat-affected zones of the welds, as 
this would have a detrimental effect on 
strength properties. Pure nickel is ferromag- 
netic up to its Curie temperature (353 °C). 
Figure 7.1 shows the coefficient of thermal ex- 
pansion of nickel as a function of temperature; 
other properties are given in [8]. Purity has a 
great effect on properties. The strength is low 
in the annealed condition: elongation and 
toughness are high (Table 7.3). 

Since treatment of pure nickel does not pro- 
duce any structural change, only cold working 
can increase its strength, the extent of the im- 
provement depending mainly on the carbon 


0.2% Proof strength, Elongation 6,, Brinell hardness 


MPa % 

100 40 max. 100 
290 20 ca. 130 
490 2 ca, 200 
100 40 max. 100 
150 20 ca, 130 
430 8 ca. 180 


content. The increase in strength disappears 
partly or completely upon recrystallization an- 
nealing [7-9]. 

20 Г 


16 


Curie temperature 


Coefficient of thermal 
expansion, qc 


-200 9 


200 
Temperature, °C ——» 


Figure 7.1: Coefficient of thermal expansion of pure 
nickel [8]. 


7.3 Nickel-Iron Alloys 


Nickel-base alloys with iron and other al- 
loying elements (Co, Cr, Cu, and Mo) are solid 
solution alloys with face-centered cubic lat- 
tices. Owing to their physical properties, they 
are used as soft magnetic materials, as glass- 
to-metal seals, and as materials with defined 
thermal expansion properties. The nickel-iron 
phase diagram (Figure 7.2) shows that, above 
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35% nickel, the alloy is wholly in the y-state, 
in which the magnetic transition has a temper- 
ature maximum at about 70% Ni. The compo- 
sitions and applications of some typical Ni-Fe 
alloys are given in Table 7.4. 

As well as the pure nickel-iron alloys, 
grades with cobalt and chromium additions 
are used, especially for metal-to-glass seals 
(Table 7.4). 

The pure Ni-Fe alloys do not rust in air and 
have limited corrosion resistance. Their 
notched bar impact toughness values, fracture 
elongations, and reduction in area are high, 
even at low temperatures. The physical prop- 
erties of the binary Ni-Fe alloys are given in 
[12]. 


Alloys with Controlled Thermal Expansion 
and for Glass-to-Metal Seals. Alloys having 
a nickel content of 35-55% Ni have low coef- 
ficients of thermal expansion within the tem- 
perature range 0-100 °С (Figure 7.3). For 
nickel contents above 55% the expansion co- 
efficients at 0 °C are higher than that of the al- 


Alloys 


loy with 36% Ni, however, they increase less 
rapidly with increasing temperature (Figure 
7.3). Typical applications of these alloys in- 
clude tape measures and precision equipment, 
thermostats, temperature regulators, and bi- 
metallic strips. 
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Figure 7.2: Binary phase diagram nickel-iron [12]. 


Table 7.4: Nickel-iron alloys for main applications |12). 


Ni, min. Cr Fe 


DIN designation Material number* 

Soft magnetic alloys 

Ni48 1.3922 
NiFe44 2.4420 
NiFe10CuMo 2.4520 
NiFel6CuCr 2.4500 
NiFel 5Mo 2.4540 
Glass-to-metal seals 

NiFe45 2.4472 
NiFe46 2.4475 
NiFe47 2.4478 
NiFe47Cr 2.4486 
NiFe48Cr 2.4480 
Ni49Cr 1.3921 
Ni29Co18° 1.3981 
Ceramic-to-metal seals 

Ni42 1.3917 
М128Со23 1.3982 


Others 
46 49-53 
53 43-46 
75 13-17 4-6 Са 
3-5 Mo 
75 1.5-2.5 15-18 
78 14-17 
53 45-47 
51 46-48 
50 47-49 
41 5.5-6.5 47-49 
50 0.7-1.0 47-49 
48 0.7-1.0 49-51 
28 53-55 17-18 Co 
22-24 Co 
4 56-58 
27 47-49 


a Materials with numbers in group 1 are iron-base alloys. 


b Especially for soft lead glasses. 
с Especially for borosilicate glasses. 
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Figure 7.3: Isotherms of the coefficient of thermal expan- 
sion of annealed nickel-iron alloys [12]. 
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Figure 7.4: Modulus of elasticity of nickel-iron alloys 
[12]. 

Whereas addition of other metals usually 
increases the thermal expansion coefficient of 
iron-nickel alloys, at room temperature the 
addition of cobalt lowers it. The cobalt/nickel 
ratio must be fixed so that the transition tem- 
perature Ar, is not above -86 °C and the mate- 
rial is completely in the y-area. Most 
commercial Ni-Fe-Co alloys contain 27- 
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35% Ni and 16-28% Co, the remainder being 
Fe. Their main application is for making glass- 
to-metal seals. Seals for types of glass with 
higher expansion coefficients are made of Ni- 
Fe-Cr alloys. 


Alloys with Controlled Modulus of Elastic- 
ity. The Young’s modulus of Ni-Fe alloys in- 
creases with nickel content (Figure 7.4). The 
moduli of elasticity of magnetically saturated 
and cold-strengthened materials are higher 
than those of demagnetized or annealed mate- 
rials [12]. The Ni-Fe alloys with temperature- 
dependent Young’s moduli are used mainly for 
springs, diaphragms, and instrument compo- 
nents, 


Soft Magnetic Nickel-Iron Alloys. Alloys 
containing 72-83% Ni are crystalline materi- 
als with the best soft magnetic properties. 
Higher permeability values can be obtained by 
heat treatment. These alloys are used for mag- 
netic shielding, medium-frequency transform- 
ers, chokes, and relays. Alloys containing 45- 
68% Ni have high saturation induction prop- 
erties and are used for electrical measurement 
and leakage current protection in the 300-500 
mA range. These alloys have a round hystere- 
sis loop. A suitable combination of alloying 
and heat treatment can produce Ni-Fe alloys 
with rectangular or nat hysteresis loops. The 
latter also have very low remanence and small 
coercive field strengths. 

Other soft magnetic materials are the amor- 
phous alloys based on Ni, Fe, and Co, which 
contain additional alloying elements boron 
and silicon in amounts of 5-15%. These in- 
hibit crystallization. These alloys are called 
metallic glasses and are usually made as thin 
strips by extremely rapid cooling of a melt on 
a rotating metal roller. A typical amorphous 
alloy (Vibrovac 4040) with 40% Ni, 40% Fe, 
the remainder metalloids, has the following 
typical properties: 


Saturation induction T=0.8 
Saturation magnetostriction 8x 10% 

Static coercive field strength 10 mA/cm 
Specific electrical resistance 1.35 Q-mm?/m 
Tensile strength 1500-2000 MPa 
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Fabrication of Nickel-Iron Alloys. The fully 
austenitic Ni-Fe alloys can be cold or hot 
worked. Cold hardening can be eliminated or 
reduced by annealing at 800-870 °C. Owing 
to the sensitivity of nickel towards sulfur (for- 
mation of a nickel-nickel sulfide eutectic), a 
sulfur-free annealing atmosphere is neces- 
sary. For etching of metallographic samples, a 
mixture of 10% nitric acid and 10% hydro- 
chloric acid at ca. 70 °C is used. For machin- 
ing of Ni-Fe alloys machining data and tool 
design used for austenitic Cr-Ni steels can be 
approximately applied [10-12]. 
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Figure 7.5: Binary phase diagram nickel-copper [13]. 


7.4  Nickel-Copper Alloys 


The binary phase diagram for nickel and 
copper shows mixed crystals for all ratios of 
nickel to copper (Figure 7.5). There are there- 
fore many technically used Ni-Cu alloys, the 


Table 7.5: Composition of wrought nickel-copper alloys [14]. 


Alloys 


most important being those covered by DIN 
17743 (Table 7.5). The strength values for the 
various semifinished products are given in 
DIN 17750 17753 and ASTM B127, B163, 
B164, B165, and B564. 


Nickel-copper alloys do not diffuse readily. 
Rapid cooling from the liquid state produces 
inhomogeneous single-phase crystals in which 
the center is rich in nickel. Hot working and 
annealing produce a homogeneous structure in 
wrought semifinished products. 


Nickel-copper alloys are very resistant to 
corrosion by alkaline solutions, nonoxidizing 
salts, and seawater. The addition of 1-2% Fe 
improves corrosion resistance. The precipita- 
tion-hardenable alloy NiCu30Al is important 
as a high-strength, corrosion-resistant material 
for components, such as propeller shafts of 
ships, that remain in contact with seawater for 
long periods. 


Welding materials for Ni-Cu alloys are 
specified in DIN 1736, parts 1 and 2 [13, 14]. 


7.5 Nickel-Chromium Alloys 


Nickel and chromium form solid solutions 
over a wide range. Nickel-chromium alloys 
are characterized by their high corrosion resis- 
tance at normal and elevated temperatures (re- 
sistance to scaling), good high-temperature 
strength, and high electrical resistance. There 
are basically three groups of alloys: 


e Ni-Cr-(Fe) alloys with high electrical resis- 
tance for heating elements 


e Ni-Cr alloys (with Fe and other alloying el- 
ements) with good corrosion resistance 


Designati Material Chemical composition, % Typical applicati 
c i 
esignation number Nisco Al C Cu Fe Mn S Si Ti rn 
NiCu30Fe 2.4360 min. 63 28 1.0 corrosion-resistant compo- 
max. 5 015 34 25 20 0.02 0.5 nents 
LC-NiCu30Fe 2.4361 min. 63 28 1.0 
max. 05 0.04 34 25 20 0.02 03 
NiCu30Al 2.4375 min.63 22 27 05 15 0.015 05 03 age-hardenable alloy for cor- 
max. 35 02 34 20 1.0 rosion-resistant components 


a Мах. 1%Co. 


Nickel 


Table 7.6: Composition and density of some electrical resistance alloys [16]. 


DIN DIN material 
designation number Ni + Со" АІ С 

NiCr8020 2.4869 min. 75 

max. 0.3 0.15 
NiCr7030 2.4658 min. 60 

max. 0.3 0.10 
NiCr6015 2.4867 min. 59 

max. 0.3 0.15 
NiCr20AISi 2.4872 min. 73 2.5 

max. 4.0 0.05 


a Max. 1.0% Со. 


e Ni-Cr alloys with high-temperature strength 
and creep resistance, mostly age-harden- 
able. 


Nickel-Chromium-{Iron) Electrical Resis- 
tance Alloys. Nickel-based alloys are used for 
heating elements and electrical shunts: their 
compositions are given in Table 7.6 and their 
physical properties in [15]. Since these alloys 
are used as heating elements at temperatures 
which can exceed 1000 °C and are sometimes 
required to undergo rapid cooling, they must 
be resistant to high temperatures and rapid 
temperature changes as well as to oxidizing, 
neutral, and reducing atmospheres [15]. The 
electrical resistance depends on temperature 
and heat treatment [15]. 


Corrosion Resistant Nickel-Chromium- 
Iron Alloys. These alloys have significantly 
better corrosion resistance than austenitic Cr- 
Ni steels and continue the alloy series Ni-Cr- 
Fe to higher nickel contents. The many alloys 
are resistant to wet corrosion at normal and el- 
evated temperature and to corrosive gases and 
slags at high temperature, and the most impor- 
tant of them have been given standard specifi- 
cations in the industrialized countries. An 
overview is given in Table 7.7. Alloys for roli- 
ing and forging with increased chromium con- 
tents up to 30% have been developed to 
improve resistance to corrosion and scaling 
(Table 7.7). Strength properties are specified 
in DIN 17750-17753 and ASTM (Table 7.1). 
If good strength properties at high tempera- 
tures are required, the age-hardenable Ni-Cr 
alloys are used [16-20]. Not only are Ni-Cr- 
Fe alloys more resistant to general corrosion 
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Composition, % Density, 
Cr Cu Fe Mn Si g/cm 
19 0.5 
21 0.5 1.0 1.0 2.0 8.3 
29 0.5 
32 0.5 5.0 1.0 2.0 8.2 
14 19 0.5 
19 0.5 25 2.0 2.0 8.2 
19 0.5 
21 0.1 1.0 0.7 2.0 8.0 


than stainless steels, but they are also resistant 
to stress corrosion cracking and pitting in 
many environments. 


Nickel-Chromium-Molybdenum Alloys 
and Nickel-Molybdenum Alloys. If even 
better resistance to wet corrosion is required, 
nickel~chromium alloys with molybdenum 
additions of 3-16% and sometimes other al- 
loying elements (e.g., Cu) are specified. The 
Ni-Cr-Mo alloys are particularly resistant to 
oxidizing acids and gases, whereas the Ni-Mo 
alloy is resistant to reducing acids. Composi- 
tions are given in Table 7.7 [21-24]. 


Creep-Resistant, Age-Hardenable Nickel 
Alloys with High-Temperature Strength 
[25-29]. With the elements Ti, Al, and Nb, 
nickel forms intermetallic compounds of the 
type Ni,Ti(Al, Nb) which on age hardening 
(e.g., 16 h at 700 °C) precipitate in a finely 
dispersed state as a y'-phase within the basic 
austenitic structure and at the grain bound- 
aries. The resistance to slipping so produced 
gives good high-temperature strength and 
creep resistance, defined as creep rupture 
strength or creep strength for a defined stress 
and duration (e.g, 10000 h) Although 
wrought nickel and all nickel-base alloys may 
be artificially age-hardened if alloyed with Ti, 
Al, and Nb, this process is mainly used with 
Ni-Cr-(Fe) alloys. The degree of creep resis- 
tance is determined by the total content of Ti, 
Al, and Nb. Vacuum melting and control of 
grain size and structure also contribute to im- 
provement of creep resistance. The strength of 
the matrix can be improved by alloying with 
Co, V, and other elements. 


Alloys 
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Table 7.8: Typical composition of some creep-resistant superalloys. 


DIN designation DIN mate- Trade name 
rial number 
NiCr20Ti 2.4630 Nimonic 75 79 
NiCr20TiAl 2.4631 Nimonic 80A 74 
NiCr20Co 1 8Ti 2.4632 Nimonic90 55 
NiCo20Cr15MoAITi 2.4634 Nimonic 105 52 
NiCr13A16MoNb 2.4670 Alloy 713LC 74 
NiCr19NbMo 2.4668 Alloy 718 52.5 
NiCr23Col9TiNb Alloy 739 48 
XINiCrNb3813 Alloy 909 38 
NiCo20Cr20MoTi 2.4650 Alloy 263 51 
(NiCr18Co14Mo7AITI) AlloyPK33 56 
(NiCr22Mo9Fe) Alloy Pel3 49 
1000 
500 
| 200 
100 
= 
4 50 
8 N 
c 
= EN 4 
л 20 Ni 
10 
500 600 700 800 900 1000 1100 


Temperature, °C ——» 


Figure 7.6: Creep rupture strength бв 1600 of age-harden- 
able nickel-base alloys: a) Alloy 263; b) NiCr20TiAl (Ni- 
monic 80A); c) NiCr20Col18Ti (Nimonic 90); d) 
NiCo15Cr15MoAITi (Nimonic 115); e) Alloy PE 13; f) 
NiCr18Col4Mo7AITi (Alloy PK 33); g) NiCr20Ti (Ni- 
monic 75) sheet; h) NiCr20Ti (Nimonic 75) wrought; i) 
NiCr23Co12Mo (Alloy 617). — Forged components; --- 
Sheet alloys. 


From the large number of age-hardenable 
superalloys, some widely used typical alloys 
are summarized in Table 7.8. Creep rupture 
strength curves are given in Figure 7.6. More 
recently developed grades contain preferen- 
tially niobium as an ageing element, if fusion 
weldability is required (e.g., for gas turbine 
components made of sheet). Age-hardenable 
alloys with a reduced Ni content of 38% (e.g., 
XINiCrNb3813) have low coefficients of 
thermal expansion (Figure 7.7), which enables 
very close tolerances of turbine components 
(higher power, reduced fuel consumption). 


Composition, % Other elements, 


Co Cr Mo C Al Ti Nb remarks 
19.5 0.10 0.4 
19.5 007 14 23 
18 19.5 0.10 14 24 
20 145 5 016 47 12 
12 45 0.05 59 06 2.0 0.1 Zr, cast alloy 
19 3 004 05 09 50 
19 22.5 015 19 37 24 2W,0.1Zr,cast 
alloy 
13 0.01 0.03 1.5 4.7 balance Fe 
20 20 59 003 05 215 Zr addition 
14 18 7 004 21 22 
15 22 9 007 
20 
| 18 
vis P 
t Мегиньмә 22 
Stn oe RE 
e 7 
т) 
2 }2 |- 
u 
5 
- 10 |- 
5 XiNiCrNb38 13 
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Figure 7.7: Coefficient of thermal expansion of two 
creep-resistant superalloys [29]. 

Although higher Cr contents have a nega- 
tive influence on the creep strength of superal- 
loys, they significantly improve the corrosion 
resistance (Figure 7.8). 


Oxide Dispersion Strengthened and Me- 
chanically Alloyed Superalloys. Nickel al- 
loys with very good high-temperature 
strengths at operating temperatures above 
1100 °C can be produced by powder metallur- 
gical processes. The matrix powder, which 
usually consists of an atomized precipitation- 
hardenable alloy powder, e.g., NiCr20Ti, is 
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mixed with a metal oxide powder (e.g., Y,O;) 
in an attritor. The mechanically alloyed pow- 
der mixture is then hot hydrostatically pressed 
into blooms and then forged or hot rolled. 
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Figure 7.8: Corrosion resistance against 75% 


Na,SO,/25 % NaCl at 900 °C. 


Precipitation hardening by Ni,Ti and dis- 
persion hardening by metallic oxide are thus 
combined and establish the superior creep re- 
sistance of the alloys over a wide range of 
temperatures (Figure 7.9). The chemical com- 
positions of such alloys, also known as ODS 
(oxide dispersion strengthened superalloys), 
and used in industry as high-temperature con- 
struction materials, are given in Table 7.9. 
Above 900 °C, creep rupture strengths of ODS 
alloy MA 6000 are superior to those of the 
high-temperature superalloy Mar M200 + Hf 
made by melting and forging. 


7.6 Nickel Casting Alloys 


All nickel alloy groups include foundry al- 
loys whose composition is optimized for cast- 
ing. Most nickel alloys for casting contain 
1.5-2% Si, some grades up to 6% Si, to im- 
prove erosion and abrasion resistance (Table 


Alloys 


7.10). Resistance to seizing is also improved 
by silicide formation by aging (soft annealing, 
then treatment at 800 °C for 4-6 h). With pure 
nickel (91-96% Ni), higher carbon contents 
lead to graphite precipitation and improve- 
ment of galling resistance, mechanical and 
physical properties are given іп [37, 38). With 
Si contents up to 1.6%, fabrication welding is 
possible to a limited extent using filler metals 
of similar type, as standardized in DIN 1736 
(see Section 7.7). At higher Si contents these 
materials are not weldable. The Ni-Cu and 
Ni-Cr-Fe grades with 1.2-2% Nb have good 
weldability. Construction welding can be ap- 
plied as well as joining with components made 
of wrought alloys. 
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Figure 7.9: Creep rupture strength of oxide dispersion 
hardened superalloy MA 754 compared with TD nickel 
and NiCr20TiAl (Nimonic 80A) [33]. 


Table 7.9: Composition of two commercial oxide dispersion strengthened superalloys [33, 34]. 


Alloy - - 

Ni Cr Al Ti 

Inconel MA 754 bal. 20 0.3 0.5 
Inconel MA 6000 bal. 15 45 2.5 


Composition, % 


B Zr YiO, Others 
0.6 
0.01 0.15 ІЛ 2.0 Ta, 2.0 Mo, 4.0 W 


Nickel 141 
Table 7.10: Composition of nickel and nickel alloy castings [37, 38]. 
ASTM DIN Composition, % 
designation” designation? с Cr Cu Fe Si Mn Ni Мо Others 
CZ 100 min. 95 
max. 1.0 1.25 3.0 2.0 1.5 
G-Ni97 min. 0.2 95 
max. 1.0 10 1.0 10 15 
G-Ni94C min. 1.0 1.0 93 
max. 2.5 1.0 LO 20 15 
G-Ni92Si min. 5.5 90 
max. 1.0 10 10 65 15 
M-35-1 min. 26.0 bal. 
max. 0.35 33.0 3.5 125 15 
M-35-2 min, 26.0 bal. 
max. 0.35 33.0 3.5 20 15 
M-30H min. 27.0 2.7 bal, 
max. 0.30 33.0 3.5 37 15 
G-NiCu30Si3 min. 27.0 1.0 2.7 05 64 0.5 Al 
max. 0.25 33.0 2.5 37 15 68 1.5 
М-258 min. 27.0 3.5 bal. 
max. 0.25 33.0 3.0 4.5 1.5 
G-NiCu30Si4 min. 27.0 1.0 35 05 60 
max. 0.25 31.0 2.5 45 15 68 
M-30C min. 26.0 1.0 bal. 
max. 0.30 33.0 3.5 20 1.5 
G-NiCu30Nb min. 26.0 1.0 05 05 62 10 Nb 
тах. 0.15 33.0 2.5 15 15 68 1.5 
N-12MV min. 4.0 bal. 26.0 0.20 V 
max.0.12 1.0 6.0 10 10 30.0 0.60 
Ni-7M min. bal. 30.0 
тах. 0.07 1.0 3.0 LO 10 33.0 
CY-40 min. 14.0 bal. 
max. 0.40 170 11.0 30 15 
CW-12MV min. 15.5 4.5 bal. 160 3.75 W 020V 
max.0.12 17,5 7.5 1.0 1.0 18.0 5.25 0.40 
CW-6M min. 17.0 bal. 
max. 0.07 20.0 3.0 10 10 
CW-2M min. 15.0 bal. 15.0 
max. 0.02 17.5 3.0 LO 10 17.0 10 
CW-6MC min. 20.0 һа. 80 3.15 Nb 
max. 0.06 23.0 5.0 10 10 10.0 4.15 


а ASTMA 494A 494 M. 
b DIN 17730. 


Castings with good resistance to hot: gases 
and ash from crude oil combustion can be pro- 
duced with Ni-Cr alloys containing 40-60% 
Cr. Alloying with ca. 1.5% Nb gives improved 
high-temperature strength and elongation. Al- 
though these alloys cannot be hot worked ow- 
ing to their high chromium content, there are 
filler metals of similar composition produced 
using a special metallurgical treatment pro- 


cess, so that coated electrodes, wires, and cast 
rods can be manufactured for fusion welding. 
Compositions and properties of the NiCr50 al- 
loy with and without Nb addition are given in 
[42]. The addition of niobium improves the 
high-temperature strength [43] and high-tem- 
perature corrosion resistance of NiCr50. 


A typical application is for tube support 
hangers tor chemical furnaces and power sta- 
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tion boilers fired with heavy crude oil (Table 
7.11 and Figure 7.10) [37—43]. 


Table 7.11: Corrosion rate of various heat-resistant alloys 
in a crude oil heater [43]. Fuel analysis: 3.2%, 250-400 
ppm V, and 180 ppm Na; Test duration:40 months; Tube 
wali temperature: ca. 900 °C. 


Composition, % 
р 2 Corrosion rate, mm/a 


Cr Ni Fe 

60 40 0.150 
50 50 0.135 
35 65 0.135 
25 20 bal. 0.650 
25 12 bal. 0.910 
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Figure 7.10: Oxidation resistance of G-NiCr50 and G- 
NiCr50Nb (duration of test: 1000 h) [43]. 


7.7 Welding Filler Metals for 
Nickel Alloys 


For solid solution alloys, which are very 
suitable for welding, the weld material is sup- 
plied in the form of bare wires, wire elec- 
trodes, and coated electrodes for all fusion 
welding processes with the exception of gas 
welding (oxyacetylene). These materials are 
standardized in the following standards: Ger- 
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many: DIN 1736, parts 1 and 2 [46, 47]; 
United States: AWS specifications A 5.11 and 
A 5.14 [49, 50]; United Kingdom: BS 2901, 
parts 1 and 2. 

The strength properties of the weld metals 
listed in DIN 1736, part 2 exceed those of the 
solid solution alloys in the annealed base ma- 
terial. The components are normally welded in 
the soft-annealed condition. During welding, 
pure nickel and the Ni-Cu alloys are sensitive 
to all forms of sulfur, which forms a nickel- 
nickel sulfide eutectic on heating above 
400 °C. This penetrates along the grain bound- 
aries and causes hot and cold cracking under 
tensile stress. To prevent nitrogen pores in the 
weld metal, the welding materials contain Ti, 
A] and/or Nb, which combine with nitrogen to 
form nitrides; they also react with oxygen to 
form oxides and with carbon monoxide to give 
carbides. 

The Ni-Cr-Fe alloys that contain 30-40% 
Ni (e.g. XIONICrAITI3220 and NiCr21Mo) 
are rather susceptible to hot cracking (Figure 
7.11) and are preferably welded with filler 
metals of higher nickel content. The Ni-Cr 
welding materials are also specified for join- 
ing different base materials (e.g., austenitic to 
femitic steels) and for joining low-temperature 
nickel steels. 


Figure 7.11: Hot cracks in the heat-affected zone of alloy 
800 (X 10NiCrAITi3220). 

Age-hardenable high-temperature alloys 
have limited weldability or cannot be fusion 
welded. They are brazed (Section 7.8), resis- 
tance welded, or if possible welded by the 
MIG or WIG processes, with or without a 
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matching filler metal. The number of layers is 
limited because of partial precipitation hard- 
ening from the welding heat. Fusion welded 
joints in age-hardened alloys have a creep 
strength that is generally 10-15% lower than 
that of the base material [44—52]. 


7.8 Nickel Brazing Alloys 


Nickel brazing alloys are used for high- 
temperature brazing of nickel, cobalt, and su- 
peralloys if these materials are not suitable for 
welding. The nickel-base brazing alloys are 
specified in DIN 8513 part 5 and in corre- 
sponding the ISO Standard. Owing to their 
composition, they combine low melting tem- 
perature with high-temperature strength. They 
are supplied as pastes, powders, strip, and 
wires. Brazing is usually carried out in vac- 
uum, under argon, or sometimes in a reducing 
atmosphere. For vacuum brazing, the care- 
fully cleaned component is positioned in the 
furnace which is evacuated to 0.1 Pa. The 
component is then heated to the brazing tem- 
perature and, after a short holding time, cooled 
in the vacuum. The brazing process is used for 
bonding engine and gas turbine parts, in nu- 
clear technology, and for fabrication of high- 
tech components [53-59]. 


7.9 Fabrication of Nickel- 
Base Alloys 


Hot Forming. Wrought nickel-base alloys are 
generally supplied in the soft annealed or solu- 
tion annealed condition. Hot forming is usu- 
ally performed by the producers of the alloys 
or by specialized fabricators of forgings, tube 
bends, dished ends, etc. Single-phase nickel 
alloys have to be heated for both annealing 
and hot forming in sulfur-free furnace atmo- 
spheres to temperatures between 1130 and 
1180 *C, depending on the type of alloy. Hot 
forming must be performed between 950 and 
1000 *C. Rapid cooling through the 750 to 
550 *C temperature range is recommended for 
Ni-Cr alloys, to avoid carbide precipitation. 
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Soft annealing is advisable after all hot form- 
ing operations. 

Forging of age-hardenable alloys is more 
critical because of the narrow temperature 
range in which hot forming can be performed 
and due to the high strength of such alloys at 
the lower limit of the forging temperature 
range. 


Cold Forming. All single-phase alloys with a 
face-centered cubic structure have excellent 
cold formability due to the relatively large dif- 
ference between the yield strength and the ul- 
timate tensile strength. During cold forming, 
nickel-base alloys work harden more rapidly 
than unalloyed steel or copper (Figure 7.12). 
Due to the high modulus of elasticity, similar 
to that of austenitic stainless steel, (180—220 
GPa), a certain amount of spring back occurs 
during cold forming. The strain rate influences 
the work hardening: fast forming produces a 
higher proof strength than slow forming. For 
cold forming operations, heavy duty lubri- 
cants have to be applied to avoid tool to metal 
seizing and wear. 

500 
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NiCu30Fe (Alloy 400) 


Hardness HV 
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Figure 7.12: Effect of cold work on hardness of nickel al- 
loys [60]. 


Heat Treatment. Heat treatment may be nec- 
essary after cold forming to achieve a fine- 
grain structure (recrystallization) and im- 
proved ductility. For single-phase alloys, soft 
annealing is normally sufficient. Precipitation 
hardening alloys must be solution annealed 
before aging. 

If the higher strength resulting from cold 
forming is to be maintained, stress relieving 
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can be applied. Heat treatment is performed at 
the following temperatures: 


stress relieving soft annealing 


Ni99 400-500 °C 820-920 °C 
NiCu30Fe 500-650 °C 870-980 °C 
NiCrl5Fe 650-750 °C 950-1100 °C 


Pickling. Pickling procedures differ for nickel 
alloys according to the following groups: 


e pure nickel and Ni-Cu alloys 
e Ni-Fe alloys 


e Ni-Cr and Ni-Cr-Mo alloys. 

The pickling treatment depends also on the 
surface condition of the metal. Producers of 
nickel alloy semifinished products apply de- 
scaling by shot blasting and pickling in a solu- 
tion containing 20-25% nitric acid and 3—5 96 
hydrofluoric acid at ca. 40 °C. For fabricators 
the removal of tarnish and oxides from the sur- 
face 1s dominant: a solution of water, sulfuric 
acid, and salt (NaCl) can be applied at 20- 
40 *C for a few seconds. For Ni-Cu alloys, 
tamish can be removed with an aqueous solu- 
tion of nitric acid and salt at 20-40 °C within a 
few seconds. The Ni-Cr-(Fe) alloys require 
more sophisticated procedures; use of fused 
salts for pretreatment 1s recommended. For 
continuous operations, electrolytic baths are 
also applied. Special formulas have been de- 
veloped for removal of lead and zinc (residues 
from tools), iron inclusions in the surface, and 
machining fluids, which can cause discolora- 
tion, Details on suitable pickling solution for- 
mulations can be obtained from producers of 
the alloys [59, 60]. 
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8.1 Properties 


Beryllium-rich alloys have little industrial 
importance. The motivation for industrial re- 
search on beryllium alloys [1, p. 555; 2, p. 
179; 3, pp. 601, 634; 4, p. 103, 5-14] is not 
great because the solubility of most elements 
in solid beryllium is low (« 1 mol%), and only 
copper, nickel, cobalt, iron, silver, and plati- 
num have solubilities between 1 and 10 
mol%, even at elevated temperatures. In addi- 
tion, most metals form intermetallic com- 
pounds with beryllium [15-18], and these 
intermetallics are usually quite brittle. 


The only alloy containing large amounts of 
beryllium is Lockalloy [9], which is produced 
by powder metallurgy and contains 38% Al. 
Aluminum does not form any beryllides. 
Therefore, this alloy contains beryllium grains 
embedded in the ductile aluminum phase with 
a more or less uniform distribution. This com- 
bination has a comparatively high modulus of 
elasticity (E), low density, and comparatively 
uscful deformation behavior at room tempera- 
ture. In addition, the notch sensitivity is lower 
than that of commercial beryllium (Table 8.1) 
[4, p. 103; 13]. However, Lockalloy has found 
only limited commercial use. 

Table 8.1: Mechanical properties of powder-metallurgy 


Lockalloy [9] and beryllium-titanium composite materi- 
als (extruded powder mixtures [14]. 


р, g/cm? ор MPa E, MPa 6,96 uM 
Lockalloy 2.09 386 200000 210 255 
60 vol% Ti 3.4 1100 175000 5 » 770 


40 vol%Ti 2.85 829 215000 25 25580 


Composite materials made of beryllium 
and titanium have been developed for use, 
€.g., as compressor blades in gas turbines [14]. 


At present, these materials are the only com- 
posite materials that allow definite plastic de- 
formation, are impact resistant, and offer the 
choice of secondary cold or hot working (Ta- 
ble 8.1). Furthermore they can be used to a 
limited extent even at 400—500 °C. 

Beryllium is used as an alloying component 
in a number of age-hardening alloys [19] 
based on copper, nickel, cobalt, and/or iron [1, 
pp. 24, 49; 20-24]. Small amounts of beryl- 
lium improve the castability and oxidation re- 
sistance of aluminum and magnesium alloys 
[25-32]. These alloys are described under the 
principal component. 
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9,1 Introduction 


Most primary magnesium is used for metal- 
lurgical purposes: in alloying additions to alu- 
minum and other metals, in magnesium-based 
alloy castings and wrought products, for de- 
sulfurization of iron and steel, for nodularıza- 
tion of ductile iron, as a reducing agent to 
produce metals from their oxides and chlo- 
rides, and in anodes for cathodic protection. 
Chemical uses include the production of mag- 
nesium compounds and as a catalyst in Gri- 
gnard reactions. Its low density (ca. 1.8 
kg/dm? in alloy form), coupled with favorable 
casting properties, makes magnesium the ma- 
terial of choice for lightweight components. 
Magnesium-based alloy castings and wrought 
products make up about 20% of free-market 
magnesium shipments. 


A comprehensive summary of the proper- 
ties, production, fabrication, and use of mag- 
nesium alloys was published in 1966 [1]. A 
recent compilation of alloy properties and 
product design information is given in [2]. 
Commercial magnesium alloy products are 
described in [3]. Commercial aluminum al- 
loys, the most important end use for primary 
magnesium, are described in [4]. Surface 
treatment [5], welding [6], corrosion [7], 
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forming and forging [8], and casting [9] of 
magnesium have been described recently. 


9.2 Commercial Alloys, 
Product Forms, and Uses 


Designations for cast and wrought magne- 
sium alloys, in accordance with ASTM B 275 
[3], are based on their chemical composition. 
Letters represent the principal alloying ele- 
ments: 


aluminum 
copper 

rare earths (RE) 
magnesium 
thorium 
zirconium 
lithium 
manganese 
silver 
silicon 

tin 

yttrium 


zinc 


Ngdvoogcocmzouao- 


These are followed by respective weight per- 
centages rounded to whole numbers and a se- 
rial letter that differentiates slight variations in 
compositions. Temper designations are in ac- 
cordance with ASTM B 296 [3]: 


F asfabricated 
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Table 9.1: Typical composition (%) of some cast and wrought magnesium alloys [3]. 

Alloy Form" Al Zn Mn Si RE Zr Th 
AM60A CD 6 > 0.13 
AB60B* CD 6 >0.25 
AS41A CD 4 03 1 
AZ31B WB+ 3 1 0.3 

WS 

AZ61A WF 6 1 0.2 
AZ80A WB 8 0.5 0.2 
AZ81A CS 7.5 0.7 0.2 
AZ91B CD 9 0.7 20.13 
AZ91D° cD 9 0.7 >0.15 
AZ91E* cs 9 0.7 0.2 
EZ33A cs 3 3 0.8 
HK31A WS 0.7 3 
ZE41A cs 4 1 0.7 
2К60А WB 6 >0.45 


a СЗ = sand casting; CP = permanent mold casting; CD = die casting; WS = sheet or plate; WF = forging; WB = bar, rod, shape, tube, or 


wire. 
b High-purity alloys. 


O annealed, recrystallized (wrought products only) 

Н strain hardened 

Hi strain hardened only 

H2 strain hardened and then partially annealed 

H3 strain hardened and then stabilized 

thermally treated to produce stable tempers other than 

EO,orH 

T4 solution heat treated 

Т5 cooled and artificially aged 

T6 solution heat treated and artificially aged 

T7 solution heat treated and stabilized 

T8 solution heat treated, cold worked, and artificially 
aged 


4 


The compositions of a range of casting and 
wrought alloys are listed in Table 9.1. Special 
high-purity alloys are available for use in cor- 
rosive environments, they contain very small 
amounts of the heavy-metal impurities nickel 
(< 0.001%), iron (< 0.005%), and copper (s 
0.03%). 

Typical mechanical properties of cast and 
wrought alloys are listed in Table 9.2. The 
physical properties of magnesium alloys are in 
the following range (RT = room temperature): 


Density (RT) 1.7-1.8 g/cm? 
Electrical resistivity (RT) 50-170 nQ:m 
Heat of fusion 280-373 kJ/kg 
Melting range 445-650 *C 
Specific heat (RT) 960-1050 Jg! K"! 
Linear coefficient of thermal 

expansion (RT) (26.5-27.3) x 10% K^! 
Elastic modulus (RT) 44.8 GPa 


A general description of alloy characteris- 
tics and typical uses is presented in Table 9.3. 


Table 9.4 gives equivalent alloy designations 
used in industrialized countries [10]. 


Table 9.2: Mechanical properties (at room temperature) 
of selected magnesium alloys [2]. 


Tensile Yield — Elonga- 

Alley Form" Temper strength, strength, tion in 50 

MPa MPa mm, % 
AM60 CD -F 220 130 8 
А841 CD -Е 210 140 6 
AZ3l WB -F 260 200 15 
А261 WB -F 310 230 16 
AZ80 WF -T6 345 250 5 
А281 CS -T4 176 85 15 
А291 CD -F 230 160 3 
cs -T6 275 130 5 
EZ33 СР -T5 140 95 2 
HK31 WF -T5 260 195 21 
ZE41 CS -T5 205 140 5 
ZK60 WB -T5 360 295 12 


a For definitions of abbreviations see Table 9.1. 


9.3 Metallurgy [1,2] 


Magnesium in its pure form is soft, me- 
chanically weak, and hence not generally used 
for structural applications. By careful selec- 
tion of alloying elements, both general-pur- 
pose alloys and alloys for special applications 
can be produced. As with other metallic alloy 
systems, a combination of well-known hard- 
ening mechanisms (solid solution hardening, 


Magnesium 


particle dispersion hardening, work harden- 
ing, and boundary hardening) determines the 
mechanical properties of magnesium alloys. 
Alloying additions influence other properties 
including reactivity of the melt, castability, 
and corrosion performance. 


Table 9.3: Characteristics and typical uses of some mag- 
nesium alloys. 


Alloy Characteristics and uses 

Cast alloys 

AMGOA/B high-pressure die-casting alloy with out- 
standing ductility in the -F condition; used 
for fans and automobile wheels 

AS41A die-casting alloy with good creep properties 
up to 150 °C; used for automobile parts 

А781А, general-purpose sand and permanent mold- 

AZ9IC/E, casting alloy used for aircraft parts, machin- 

ZE41A ery components, gearboxes 

AZ91B/D  general-purpose die-casting alloy for auto- 
mobile and computer parts, chain saws, 
sporting goods, cameras, projectors, and 
household equipment and appliances 

EZ33A high-temperature alloy for sand and perma- 
nent mold casting; excellent castability; 
creep resistant up to 250 °C and pressure- 
tight; used in aerospace and military appli- 
cations 

Wrought Alloys 

AZ31B/C moderate strength general-purpose alloy 
used for luggage, ladders, hand trucks, bak- 
ery racks, and concrete tools 

AZ61A, higher strength alloys used in batteries, mil- 

AZ80A, itary components, shelters, tent poles, and 

ZK60A tennis racquets 

HK31A elevated-temperature alloy used in aero- 


space and military applications 


The alloying elements used with magne- 
sium can be grouped into two categories: 


e Elements that actively influence the melt. 
Examples are beryllium (< 15 ppm), which 
lowers the rate of melt oxidation, and man- 
ganese (s 0.6%), which reduces the iron 
content and hence the corrosion rate of the 
alloys. These additions are active in rela- 
tively small amounts and do not require ex- 
tensive solubility in the melt. 


e Elements that modify the microstructure of 
the alloy via the above-mentioned harden- 
ing mechanisms. This group includes ele- 
ments that influence castability. Except for 
grain-refining additions (carbon inocula- 
tion), which can be active in small amounts, 
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these elements must be relatively soluble in 
liquid magnesium. Commercially interest- 
ing alloying elements include aluminum, ce- 
rum, copper, lanthanum, lithium, 
manganese, neodymium, silver, thorium, yt- 
trium, zinc, and zirconium. 


9.3.1 Magnesium-Aluminum 
Alloys 


Aluminum is by far the most important al- 
loying element for magnesium. Its maximum 
solid solubility in the Mg-Al system is 12.7% 
at the eutectic temperature 437 °C (Figure 
9.1). The eutectic contains 32% aluminum, 
and its composition is Mg,,Al,,. Commercial 
alloys contain less than 10% aluminum and, 
according to the equilibrium diagram, should 
solidify into ahomogeneous matrix of magne- 
sium with aluminum in solid solution. This is, 
however, not the case—a relatively large vel- 
ume fraction of eutectic constituents is formed 
(Figure 9.2). The solidification diagram shows 
a distinct plateau at the eutectic temperature 
(Figure 9.3). 


Temperature, °C 


0 10 20 30 40 50 
Al content, % —— 


Figure 9.1: Phase diagram for the binary system Mg-Al. 


Scheil’s equation describes freezing under 
nonequilibrium conditions where solute diffu- 
sion is negligible, resulting in a strongly segre- 
gated material. The fraction solidified as a 
function of temperature for equilibrium and 
nonequilibrium freezing is illustrated in Fig- 
ure 9.4 for two Mg-Al alloys. In practice, the 
Scheil equation provides a reasonable descrip- 
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tion of solidification during commercial cast- 
ing processes. 
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Figure 9.2: Microstructure of low-pressure die-cast 
AM100 alloy (x 200). 


The Mg-Al equilibrium diagram is typical 
of an age-hardenable system. After solution 
heat treatment at temperatures just below the 
eutectic temperature, the B-Mg,,Al,, phase 


Table 9.4: International alloy designations. 


Alloys 


dissolves, and subsequent quenching gives a 
supersaturated solid solution. During artificial 
aging at 150-220 °C, a platelike precipitate 
forms, resulting in a significant hardening ef- 
fect. A certain quench sensitivity is caused by 
a competing reaction, whereby the ß-phase 
precipitates discontinuously along grain 
boundaries. This process occurs during cool- 
ing after casting or following solution heat 
treatment. 
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Figure 9.3: Solidification diagram showing the tempera- 
ture variation during cooling of the Mg-Al alloy AM 
100A; a) Temperature; b) Rate of temperature change. 


| Germany Great Britain France, USA, Former So- 

Initeratianal ISO Ті» DIN ТІ» BS AFNOR* ASTM viet Union 
Cast Alloys 

AS41 MgAl4Sil G-A4S1 AS41 

AG MgAIG G-A6 AM60 

А761 MgAl6Zn1 AZM МАб121 G-A6Z1 AZ61 MA3 
Mg-AI6Zn3 AZ63 
Mg-AI8Zn А2781 MgAI8Zn1 A8 МАС1/2  G-A9 А781 ML5 
Mg-Al9Zn AZ91 MgAI9Znl C, AZ91 MAGT7/3  G-A9Z1 AZ91 ML6/8 
Mg-Al9Zn2 AZ92 
Mg-Ag3RE2Zr MSR MgAg3SE2Zrl MSR, QE22 G-Ag25 0Е22 
Mg-Zn4REZr RZS MgZn4SElZri RZS MAGS G-Z4IR ZE4Al 
Mg-Zn6Th2Zr TZ6 MgZn5Th2Zrl 17176 MAG9 ZH62 
Mg-Zn5Zr MAG4 ZK51 
Mg-Zn6Zr ZK61 
Mg-RE3Zn2Zr ZREI MgSE3Zn2Zrl — ZREI MAG6 G-TR3Z2 EZ33 
Mg-Th3Zn2Zr ZTI Mgth3Zn2Zrl ZTI MAG8 G-T13Z22 Н232 
Wrought Alloys 
Mg-Al3Znl AZ31 MgAl3Zn AZ31 МАО! С-АЗ71 А231 
Mg-Al6Znl AZ61 MgAI6Zn AZM МАСІ21 С-А671 AZ61 
Mg-Al8Zn А281 МрА187п А280 А780 
Mg-Mn2 M2 MgMn2 АМ503 МАС101 G-M2 М2 
Mg-Zn6Zr ZK60 MgZn6Zr ZW6 МАС161 2К60 
Mg-Zn2Mn 2М21 МАСІЗІ 
Mg-Zn3Zr ZW3 MAGISI ZK40 
Mg-ZnlZr №1 МАС141 


а Association frangaise de normalisation. 
b Trade designation. 
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Figure 9.4: Fraction solidified as a function of tempera- 
ture calculated for equilibrium and nonequilibrium condi- 
tions for two Mg-Al alloys. 

Commercial Mg-Al alloys usually contain 
a small amount of zinc (0-2%), which 
strengthens them somewhat. Higher zinc lev- 
els increase the amount of eutectic constitu- 
ents, lower the solidification temperature, and 
may cause hot shortness (cracking). Solution 
treatment of Mg-Al-Zn alloys increases their 
ductility. In the absence of solution heat treat- 
ment (as with high-pressure die-cast prod- 
ucts), maximum ductility is obtained by using 
alloys of low aluminum and zinc content (e.g., 
AM60 alloy containing 6% aluminum). Fur- 
ther improvement of ductility is possible with 
even less aluminum, but castability suffers 
somewhat. 

High-temperature applications require im- 
proved creep properties, which are achieved 
by decreasing the aluminum content and thus 
the volume fraction of the low melting point 
eutectic. Further improvements are possible 
by introducing elements that form finely dis- 
persed particles in the matrix (dispersion hard- 
ening) In high-pressure die-cast parts that 
solidify rapidly, silicon addition causes the 
formation of finely dispersed MgSi particles; 
this is the basis of Mg-AI-Si alloys. 

Manganese addition plays a crucial role in 
controlling the iron level by reducing the solu- 
bility of iron in the melt. Several high-purity 
alloys with greatly improved corrosion resis- 
tance are now available commercially. Grain 
refining, when necessary, is performed by in- 
troducing carbon into the melt at > 750 °C 
(preferably ca. 780 °C). 
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9.3.2 Grain-Refined Magnesium- 
Zirconium Alloys 


A series of high-performance magnesium- 
based alloys was developed after discovery of 
the extremely efficient grain-refining action of 
zirconium. This effect results from formation 
of a high density of tiny zirconium particles in 
the melt, which act as potent grain nuclei. An 
example of a zirconium-refined grain struc- 
ture is shown in Figure 9.5. Unfortunately, ele- 
ments such as aluminum and manganese 
lower the solubility of zirconium in the melt, 
thus precluding exploitation of this grain-re- 
filling mechanism in common aluminum-con- 
taining alloys. 


Mg-Zn-RE-Zr. Binary Mg-Zn alloys show 
inferior mechanical properties and castability, 
but the addition of zirconium for grain refine- 
ment and rare earth (RE) elements to reduce 
microporosity, led to the development of al- 
loys such as EZ33 and ZE41. These alloys 
have been used widely as sand castings in the 
T5 condition (cooled and artificially aged) for 
applications involving exposure to moderately 
elevated temperature (up to ca. 200 *C). The 
ZE63 alloy is a high-strength variant in which 
solution heat treatment in a hydrogen atmo- 
sphere is employed to remove some of the em- 
brittling Mg-Zn-RE grain boundary phases. 
In extrusion, microporosity is of less concern 
and Mg-Zn-Zr alloys are used without RE ad- 
ditions. 


Figure 9.5: Structure of a zirconium grain-refined alloy 
К25 (х 50). 
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Mg-Ag-RE-Zr. Addition of silver and 
neodymium-rich misch metal, in addition to 
Zirconium, promotes age hardening efficiently 
when the alloy is given a full T6 treatment (so- 
lution heat-treated and artificially aged). The 
precipitates formed are relatively stable; the 
alloy shows high mechanical strength and 
good creep properties at temperatures ap- 
proaching 250 °C. 


Mg-Y-RE-Zr. The most recently developed 
alloy system for high-temperature application 
is based upon additions of yttrium and neody- 
mium-rich misch metal. This alloy system was 
developed to meet the ever-increasing high- 
temperature performance requirements of the 
aerospace industry and may replace the Mg- 
Ag-RE-Zr and thorium-containing alloys. 
The alloys must be melted in a special inert at- 
mosphere (argon) and develop their properties 
by T6 heat treatment, 


9,3.3 New Developments [11] 


Conventional alloy development has 
reached a level at which most of the foresee- 
able potential has been exploited. Further im- 
provements are possible by combining 
existing alloys or modified alloys with new 
processing routes. Squeeze casting and semi- 
solid alloys are examples of active fields of re- 
search, Microstructural refinement through 
rapid solidification offers great potential for 
improving the properties of both conventional 
alloys and new alloy compositions. The ability 
of magnesium alloys to wet a number of rein- 
forcing fibers and particulates efficiently 
makes the material attractive as a matrix in 
metal-based composites. 


9,4 Production Methods for 
Magnesium Alloys 


Alloying and Grain Refining. The most 
commonly used magnesium alloys contain 
aluminum, zinc, and manganese, aluminum 
and zinc are added in ingot form, dissolving 
readily at normal melt temperature (ca. 
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700 °C). Manganese is added as the anhydrous 
chloride or as a hardener, for example, Al-5% 
Mn. The alloying elements are added at 720- 
750 °C; the alloy is homogenized and then 
cast. 

High-purity magnesium alloys such as 
AZ91D, А791Е, and AM60B contain very 
low levels of the heavy-metal impurities 
nickel, iron, and copper, resulting in far better 
corrosion resistance than ordinary alloys. Iron 
is removed by saturating the melt with manga- 
nese at elevated temperature (700-750 °C) 
and then reducing the temperature, thus pre- 
cipitating the iron in the form of an AlMnFe 
intermetallic compound. 

Mechanical properties of magnesium alloys 
improve as grain size is reduced. Carbon inoc- 
ulation is used commonly to grain-refine alu- 
minum-containing magnesium alloys, the 
inoculant being added at ca. 780 °C. Zirco- 
nium is frequently used to grain-refine alloys 
lacking aluminum. It is added as a Mg-30% 
Zr hardener above 750 °C. The mechanisms of 
grain refining are not fully understood, but 
several theories have been proposed. Both zir- 
conium and magnesium have hexagonal crys- 
tal structures with similar lattice parameters, 
making zirconium an ideal nucleating particle 
for magnesium. 


Casting of Billets and Slabs. Fabrication of 
wrought magnesium products starts with the 
production of extrusion billets, forging billets, 
and rolling slabs which are usually cast by 
continuous or semicontinuous direct-chill cast 
processes. The methods are similar to those 
used for alloys of other metals such as alumi- 
num and copper. Multistrand casting with 
downspout tubes and floats has proved diffi- 
cult for magnesium. 


Shaped Casting. Magnesium alloys can be 
cast by all known processes including die and 
sand casting. Remelting and recycling of mag- 
nesium alloys are economically viable. 
High-Pressure Die Casting. Two methods 
are used for high-pressure die casting (30-50 
MPa); the molten metal is injected at high ve- 
locity into a reusable metal mold (die) in cold 
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chamber (as for aluminum) or hot chamber (as 
for zinc) machines. Because of their lower 
specific heat (i.e., heat content) and thus faster 
solidification, production rates of magnesium 
high-pressure die castings are usually 30-40% 
faster than those of aluminum alloys. In hot 
chamber machines the production rates for 
medium to large components are similar to 
those for zinc. Parts weighing up to 9 kg are 
cast in 500- to 2000-t locking capacity cold 
chamber machines at a rate of 50-60 shots per 
hour. For smaller and thin-walled parts, hot 
chamber machines of 50- to 650-t capacity are 
common, with production rates up to 400 
shots per hour. Molten magnesium alloy is au- 
tomatically metered and transferred in closed 
systems [12]. 

Because magnesium does not attack steel to 
the same degree as aluminum, dies used for 
casting magnesium have lifetimes up to sev- 
eral fold that of aluminum. Draft angles for 
magnesium are lower than for aluminum, al- 
lowing casting of holes within tolerance lim- 
its. 

Low-Pressure Casting. Low-pressure (< 
200 kPa) casting of magnesium has been per- 
formed successfully [13]. Typical production 
rates of 12-15 shots per hour are achieved 
when casting a 12-kg part in steel dies. The 
process is also applicable to casting in sand 
molds. The properties of the castings can be 
improved by heat treatment, making this 
method useful for a wide range of applica- 
tions. 


Sand Casting. In sand casting, molds are 
formed by ramming conventional naturally 
bonded molding sand around a pattern. Chem- 
ical inhibitors such as inorganic fluorides or 
boric acid are added to the sand to suppress the 
tendency for molten magnesium to react with 
moisture. Sometimes dry sand molds or skin- 
dried green sand molds (i.e., surface-dried by 
torching) are used to reduce the oxidation ten- 
dency further. The advent of chemically 
bonded dry silica sand has allowed closer tol- 
erances and the production of more complex 
castings. 
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Wrought Products. Wrought products are ob- 
tained by working a metal into the desired 
shape. Although the cold-forming properties 
of magnesium are very limited because of its 
hexagonal structure, magnesium alloys can be 
hot-worked readily by most of the well-known 
methods, such as extrusion, rolling, and forg- 
ing. 

Extrusion. Extrusion presses designed for 
aluminum alloys can, after minor modifica- 
tions of tooling, extrusion speed, and billet 
temperature, be used to extrude magnesium 
alloys. Compared with the 6000 senes alumi- 
num alloys, most magnesium alloys require a 
higher extrusion pressure (850-900 MPa) and 
thus a container of slightly smaller diameter. 
Magnesium alloys respond differently to ex- 
trusion speed. Alloys containing relatively 
large amounts of aluminum, such as AZ61A 
and А280А, are limited to maximum speeds 
of 5 and 3 m/min, respectively. At higher 
speed the temperature of the extrusion in- 
creases and hot cracking may occur. The 
AZ31B alloy, however, is extruded at speeds 
up to 20 m/min. As a general rule, an increase 
in the total amount of alloying elements re- 
sults in lower extrusion speed. For some alloys 
(e.g., ZM21) an increase in extrusion speed re- 
sults in lower mechanical properties. There- 
fore, selection of extrusion parameters is 
frequently a compromise between properties 
and productivity. Currently, AZ31B is the 
most popular moderate-strength extrusion al- 
loy; AZ61A and AZ80A have higher mechan- 
ical properties and are often artificially aged 
for additional strength. The zirconium-con- 
taining alloys ZK40A and ZK60A are used 
when the yield strength is of prime impor- 
tance. Anew Mg-Zn-Cu-Mn alloy, ZCM711, 
is heat treatable to tensile yield strength values 
as high as 350 MPa in the T6 temper [14]. 

Rolling. Magnesium alloys rolled on con- 
ventional equipment are available commer- 
cially as flat sheet and plate, tooling plate, and 
tread plate [15]. Specialty items such as photo- 
engraving sheet and plate, mechanical engrav- 
ing plate, and electrochemical sheet are also 
available. Fine grain size and a good disper- 
sion of any second phase are necessary for 
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good rollability. Therefore, zirconium-con- 
taining alloys and the single-phase M1A alloy 
roll well. 


Forging. In forging, the metal is worked 
with hammers and presses. Magnesium is one 
of the more forgeable metals. Of all magne- 
sium product forms, forgings have the best 
combination of mechanical properties. They 
are also pressure-tight and have excellent ma- 
chinability. 


9.5 Manufacture of Articles 
from Magnesium Alloys 


Magnesium products offer many advan- 
tages to the designer of light structures. In ad- 
dition to the obvious weight-saving benefit, 
magnesium products provide manufacturing 
advantages such as excellent castability, good 
hot forming of wrought products, high weld 
efficiency, and unsurpassed machinability. 


9.5.1 Shaping 


Machining. Magnesium and magnesium al- 
loys are the easiest of all metals to machine, 
permitting machining operations at extremely 
high speed. All standard machining operations 
such as tuming, drilling, milling, tapping, 
threading, counterboring, reaming, sawing, 
and grinding are commonly performed on 
magnesium parts. Deeper cuts can be made 
and higher feed rates used than with other met- 
als. The life of high-speed steel cutting tools 
for magnesium equals that of carbide-tipped 
tools used for other metals. The excellent sur- 
face finish of machined magnesium is the re- 
sult of its minimal tearing and dragging 
tendencies. The free cutting characteristic of 
magnesium produces well-broken chips that 
do not obstruct the cutting tool or machine. 
Standard machining operations produce ex- 
tremely good tolerances. The power require- 
ments to remove a given volume of metal are 
lower for magnesium than for any other metal; 
removable volumes are 0.024, 0.082, and 
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0.150 cm^W"! min! for mild steel, aluminum, 
and magnesium, respectively. 

A major difference with regard to other 
metals is that dry machining of magnesium is 
common practice. In especially difficult oper- 
ations a coolant such as compressed air or 
mineral oil is sometimes used to assist in chip 
removal or to cool the workpiece. Some high- 
volume machining of magnesium automobile 
parts is performed with inhibited aqueous 
coolants, which are mandatory to retard the 
formation of hydrogen produced by reaction 
of magnesium with water. 

When grinding or polishing magnesium, 
special care must be taken to avoid ignition of 
fine particles; fine dust should be collected in 
water-washed dust collectors. 


Forming. Because of their hexagonal crystal 
structure, the cold forming of magnesium al- 
loys 1s restricted to mild deformation and gen- 
erous bend radii (bend radius: material 
thickness > 2). However, above 200 °C mag- 
nesium becomes very workable; formability at 
200-300 °C improves to such an extent that 
more severe working is possible than with 
other metals at room temperature. (The work- 
ability of the cubic system metals is not 
greatly enhanced by increasing temperature.) 


Working of metals at elevated temperature 
has several advantages over cold working. In 
some configurations, magnesium can be 
formed in one operation, thus avoiding re- 
peated annealing and reforming, and reducing 
production time. Hot-formed parts are made to 
closer dimensional tolerances because of re- 
duced springback. 


9.5.2 Joining 


Magnesium alloys are joined by all conven- 
tional methods including welding, brazing, 
soldering, adhesive bonding, riveting, and 
bolting. 

Welding is carried out almost exclusively 
by the tungsten inert gas and the metal inert 
gas methods. In general, weld efficiencies are 


high. 
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In magnesium alloys the success or reliabil- 
ity of adhesive bonding depends greatly on the 
environment to which the parts are to be ex- 
posed. A conversion coaling is required before 
joining. When exposed to severe environ- 
ments such as salt and moisture, joints must be 
sealed. A combination of adhesive bonding 
and riveting is sometimes used. 

Riveting is widely used for making me- 
chanical joints. Standard rivet shapes are em- 
ployed, spaced so that the distance between 
them does not exceed three times the rivet di- 
ameter. Aluminum 5000 series alloy rivets are 
preferred. When bolts, screws, and similar 
standard fasteners are used to join magnesium 
to other metals and materials, particular atten- 
tion is given to joint design and the avoidance 
of galvanic corrosion. 


Figure 9.6: Pressure die-cast magnesium transfer case 
manufactured by Borg-Wamer Automotive for 4 WD 
Ford pickup trucks. Housing is AZ91D high-purity mag- 
nesium alloy without any surface coating. Special materi- 
als and coatings are uscd for fasteners, plugs, fittings, and 
attachments to prevent galvanic corrosion. 


9.5.3 Finishing 


As with other structural metals, magnesium 
alloys are given a variety of surface treatments 
for decorative, functional, or protective pur- 
poses. Processes are available to meet almost 
any practical requirement, including chemical 
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and electrochemical conversion coatings, wet 
painting, resin powder coating, and electroless 
nickel or electrolytic metal plating [5]. 

Magnesium alloys are frequently used 
without any surface treatment or with only a 
simple conversion coating (e.g., automotive- 
drive truck components; Figure 9.6). In some 
applications such as military and aircraft (Fig- 
ure 9.7), relatively comprehensive surface 
treatments are specified. Choice of treatment 
depends upon the ultimate use of the product 
with regard to corrosion, wear, durability, and 
appearance. 


Figure 9.7: Cutaway section of a magnesium ZE41A al- 
loy aircraft gearbox showing the narrow passageways 
possible with modern magnesium casting technology. 


Mechanical Preparation. The usual methods 
such as belt sanding, wheel grinding, polish- 
ing, brushing, buffing, blasting, and barrel or 
vibratory finishing are applied to magnesium 
products. Vibratory finishing with ceramic or 
resin-bonded chips is widely used in mass pro- 
duction for both deburring and smoothing pur- 
poses. 

Grinding, polishing, and buffing methods 
used for aluminum and zinc are also used with 
magnesium. Because of its natural tendency to 
tarnish, polishing and buffing are used only to 
prepare magnesium alloy surfaces for plating 
or for clear lacquering. 

Dry blasting of magnesium is usually 
avoided because most of the commonly used 
blasting media contaminate the surface with 
cathodic particles, resulting in deterioration of 
corrosion resistance. The least adverse effects 
are experienced with cut 5000 series alumi- 
num alloy wire, which has a low iron and cop- 
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per content. To remove surface contamination, 
blasting is followed by acıd pickling which re- 
moves at least 0.05 mm of the prepared sur- 
face. 


To minimize fire hazards, magnesium dust 
must not be allowed to accumulate in the 
working area, in suction ducts or pipes, or on 
operators’ clothing. Well-grounded, explo- 
sion-proof equipment is used in conjunction 
with approved wet-type dust collectors. 


Cleaning. The most common methods used 
for cleaning magnesium include solvent or al- 
kaline cleaning and acid pickling. Organic sol- 
vents, such as 1,1,l-trichloroethane and 
stabilized tri- or perchloroethylene, are widely 
used to remove oil or wax in standard vapor 
degreasing equipment. Because of the alkali 
resistance of most magnesium alloys, propri- 
etary steel cleaners based on alkali hydrox- 
ides, carbonates, silicates, and pyrophosphates 
are normally suitable for magnesium. Acid 
pickling is used to remove surface contamina- 
tion by sand particles, corrosion products, res- 
idues from blasting, chromate coatings, and 
bumed-on lubricants. 


Conversion Coatings. Conversion coatings 
react with the alloy surface to convert it into a 
component of the coating. Their primary func- 
tion is to improve the adhesion of organic 
coatings and to prevent undercutting in corro- 
sive environments at sites where the coating 
has become damaged. Chromate conversion 
coatings are most commonly used. Phosphate 
conversion coatings provide a satisfactory 
paint base for many mildly corrosive environ- 
ments [16]. Phosphate treatment has been 
used for many years as a base for organic coat- 
ing of extruded and die-cast magnesium lug- 
gage frames. Anodic coatings are used when a 
heavy-duty paint base or added protection 
against wear is required [17]. 


Organic Coatings. Various types of organic 
coatings can be applied to magnesium alloys 
by conventional methods. However, consider- 
ation must be given to the alkaline nature and 
electrochemical properties of the metal in se- 
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lecting primer vehicles and pigments; an al- 
kali-resistant binder and suitable pigmentation 
must be used. To achieve optimum protection 
against corrosion, inclusions from blasting 
processes should be removed by acid pickling 
before further chromate and finishing steps are 
taken. 

Use of a high-purity alloy is necessary to 
obtain maximum corrosion protection, espe- 
cially where damage from stone chipping and 
scratches 15 likely to occur (Figure 9.8). The 
corrosion properties of painted high-purity al- 
loy AZ91 D and ordinary AZ91 B are com- 
pared in Table 9.5. 


Figure 9.8: Low-pressure die-cast wheel made of high- 
purity alloy AZ91D for the Porsche Turbo Cup. 


Table 9.5: Salt spray performance of painted die-cast 
AZ91B (standard) and А7910 (high-purity) test panels 
(DIN 53167). 


Scribe 


Expo- :  Stonechi 
Alloy —Paintsystem* өше (005100 теайїапде 
time, h ы” rating no. 
AZ91B cathodic electro- 240 7 
AZ91D painting, 18-22 240 0 
mM 
AZ91B TiO, pigmented 240 3 4 
AZ91D polyester pow- 1000 0.5 1-2 
der, 80-120 um 
AZ91D zinc chromate- 1000 0 1 
inhibited epoxy 
primer with TiO, 
pigmented poly- 
ester powder 
(80-120 um) as 
top coat 


a АП samples are vibratory finished and chrome pickled. 
b Rating no.: 1 = excellent; 4 = poor. 


Primers used on magnesium alloys should 
be based on alkali-resistant vehicles (e.g., vi- 


Magnesium 


nyl, epoxy, polyvinylbutyral, acrylic, polyure- 
thane, and vinyl epoxy). Zinc chromate and 
strontium chromate are commonly used pig- 
ments, whereas aluminum, zinc, lead, or iron 
pigments are avoided. For application above 
200 °C, primer and paint vehicles based on sil- 
icone, epoxy silicone, or polyimide are used. 
Cathodic (cataphoretic) electropainting is 
used on magnesium both as a primer and as a 
final finish (e.g., for automotive grills and 
small computer parts). 


Plating [5, 18]. Most cast or wrought magne- 
sium alloys can be electroplated. The basic 
process is similar to the plating of aluminum 
in that both alloys are given a Zinc immersion 
coating prior to plating. 


9.6 Corrosion and Corrosion 
Control 


Factors that affect the corrosion properties 
of magnesium are alloy composition, heavy- 
metal impurities, casting variables, metallo- 
graphic structure, environment, surface condi- 
tion, and contact with other materials. 
Thermodynamically, magnesium should react 
completely with oxygen and with water. The 
fact that it does neither is caused by passive 
behavior in many environments. In a corrosive 
environment, pitting or other forms of local 
corrosion occur as a result of film breakdown. 

Magnesium alloys of suitable composition 
and purity are corrosion resistant and used 
successfully in a variety of applications. Auto- 
motive parts made of commercial high-purity 
die-cast AZ91D alloy located in the worst 
splash zone under a car illustrate the excellent 
corrosion resistance of magnesium [19]. 


9.6.1 Effect of Composition and 
Structure 


Composition. The corrosion of magnesium 
alloys is commonly measured in sodium chlo- 
ride solution by using either immersion or salt 
spray tests. These tests relate to important 
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practical uses of magnesium alloys in automo- 
tive, aircraft, and military applications. 

Most of the elements present in, or added 
to, magnesium alloys have limited solid solu- 
bility in the alloy and therefore occur as pre- 
cipitated phases. In virtually all cases, these 
phases are more noble (i.e., have a higher re- 
dox potential) than the matrix. Their influence 
on saltwater corrosion depends heavily on 
their potential relative to the matrix and their 
efficiency as cathodic sites, i.c., the ease with 
which they liberate hydrogen gas (overvolt- 
age) [20]. The elements generally present in 
commercial magnesium alloys that influence 
saltwater corrosion can be classified as fol- 
lows: 


e Generally benign or beneficial—aluminum, 
beryllium, manganese, rare earths, silicon, 
zinc, and zirconium 

e Moderately deleterious — silver 


e Severely deleterious — nickel (and cobalt), 
iron, and copper. 

The commercially important Mg-Al-Zn al- 
loys used for die casting and sand casting have 
received intensive study [21, 22], resulting in 
the development of alloys with outstanding 
saltwater corrosion resistance. These alloys 
have a very low critical impurity content (Ni, 
Fe, Cu) and a controlled manganese content. 


Structurc. The size and distribution of the ca- 
thodic phases play an important role in corro- 
sion and are influenced by process parameters 
and heat treatment. Homogenized and artifi- 
cially aged specimens of AZ91E (T6) show 
considerably lower corrosion than cast (F) and 
homogenized (T4) specimens [23]. Heat treat- 
ment influences mainly the distribution of the 
intermetallic B-phase (Mg;;Al;;) in the alloy. 
Aging to T6 temper causes precipitation of 
this phase as an almost continuous network of 
secondary particles along the grain bound- 
aries. In the T4 condition the B-phase is fully 
dissolved. By air cooling from T4, only traces 
of B-phases can have the same effect as a full 
T6 treatment. Tolerance limits in cast AZ91 
for the most important impurity elements 
(iron, copper, and nickel) arc influenced by the 
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cooling rate and the amount of manganese 
present |21, 22, 24]. In the early stages of cor- 
rosion, filiform attack develops from an initi- 
ating pit adjacent to intermetallic particles [25, 
26], and the role of Mg;;Al;; concentrated in 
grain boundaries can be clearly illustrated. 
Cold working of magnesium alloys (e.g., by 
stretching or bending) has no appreciable ef- 
fect on corrosion rate [4]. 


Surface Contamination. Producers of mag- 
nesium have demonstrated the importance of 
high-purity alloys for structural applications. 
However, surface contamination from han- 
dling and mechanical treatment can destroy 
the corrosion resistance of high-purity alloys. 
This helps explain why ceramic blasting me- 
dia containing iron oxide can be just as harm- 
ful to the corrosion properties of magnesium 
as steel grit. 


9,6.2 Environmental Factors 


Atmosphere. A magnesium alloy surface ex- 
posed to a salt-free atmosphere develops a 
gray film consisting mainly of magnesium hy- 
droxide that protects the metal from corrosion. 
Chlorides, sulfates, or other hydrophilic sub- 
stances promote corrosion by destroying this 
film. Structural magnesium alloys are resistant 
to rural atmospheres and moderately resistant 
to industrial or mild marine atmospheres. The 
corrosion rate in marine atmospheres is signif- 
icantly lower for the high-purity Mg-Al-Zn 
alloys. 


Water. When magnesium is immersed in dis- 
tilled water without the possibility of carbon 
dioxide absorption, the initial corrosion rate 
decreases rapidly to a very low value. A pro- 
tective film of magnesium hydroxide forms on 
the surface. The solubility product of magne- 
sium hydroxide in the solution is quickly 
reached, dissolution of the hydroxide is inhib- 
ited, and corrosion essentially stops. If the wa- 
ter is replenished, corrosion continues and 
increases on absorption of carbon dioxide due 
to dissolution of the protective film. Raising 
the temperature of distilled or natural water 
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also increases the corrosion rate of magnesium 
alloys. Aluminum is beneficial as an alloying 
ingredient because it promotes the formation 
of protective hydrotalcite [Mg,Al(OH),, 
СО, :4Н,О] films. 


Acids. Magnesium is attacked by all acids ex- 
cept hydrofluoric or chromic acid. Passive 
films are formed in most concentrations of 
these acids, accounting for their use in many 
conversion coating processes. 


Salt Solutions. Neutral solutions of salts of 
heavy metals such as nickel, iron, and copper 
are corrosive to magnesium alloys. 


Other Media. The behavior of magnesium in 
contact with a large number of substances at 
room temperature is described in [2]. Being an 
alkaline-earth metal, magnesium is stable in 
most basic and neutral solutions, Its strong af- 
finity for fluorine and the nature of the result- 
ing passive film (mainly magnesium 
hydroxide with some magnesium fluoride) ac- 
count for the extremely low corrosion of mag- 
nesium alloys in most fluoride-containing 
electrolytes. Magnesium is stable in the pres- 
ence of most organic compounds. However, 
methanol, being slightly acidic, attacks mag- 
nesium rapidly unless enough water is present 
(> 0.5%) to passivate the surface. Magnesium 
can be safely and effectively cleaned with 
chlorinated organic solvents. 


9.6.3 Galvanic Corrosion [27] 

Two conditions must be satisfied for gal- 
vanic corrosion to occur: (1) dissimilar metal- 
to-metal contact and (2) bridging of the bi- 
metal junction by a conductive solution (elec- 
trolyte). The electrochemical process that 
normally occurs at the galvanic couple con- 
taining magnesium is 


Anode: Малы) > Mg” + 2e 
Cathode: 2H,O + 267 -> Н, + 20H* 


In salt environments, the high solubility 
and acidic nature of the magnesium chloride 
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formed at the anode can result in rapid pene- 
tration of magnesium alloys. 


Proper protection against galvanic corro- 
sion begins with good design [2, 4]. This in- 
cludes good drainage to prevent entrapment of 
electrolyte, selection of the most compatible 
metals, sealing of faying surfaces, small ratios 
of cathode to anode area, and use of alkali-re- 
sistant barrier coatings. 


The closest approach to compatibility with 
magnesium is provided by aluminum alloys of 
the 5000-6000 series. Tin, cadmium, and zinc 
platings on steel fasteners reduce galvanic ac- 
tion on magnesium in salt spray by 60-70%, 
which is sufficient for many practical applica- 
tions. Supplementary polymer coatings on the 
plating can reduce galvanic corrosion further. 


Additional resistance in the metallic or 
electrolytic portions of the galvanic cell circuit 
can reduce or eliminate galvanic current flow. 
Such resistance can be supplied by insulating 
materials such as nonmetallic bolts, insulating 
washers or tapes, or organic coatings. 


The combination of a small magnesium an- 
ode and a large cathode area can lead to in- 
tense corrosion penetration of the magnesium. 
In painting a galvanic couple, the cathode or 
the entire couple must be coated. In no case 
should the magnesium alone be coated. Small 
areas of magnesium exposed by paint defects 
or scratches could be subjected to intense cor- 
rosion penetration. 


9.7 Economic Aspects [1-3] 
About one-fifth of the primary magnesium 
produced in the free-market countries is con- 
sumed in the form of magnesium alloys used 
in structural and electrochemical applications. 


The major end uses for magnesium and 
magnesium alloys are listed in Table 9.6. The 
use of magnesium alloys in aerospace and mil- 
itary applications has declined due to poor ser- 
vice performance resulting from deficient 
maintenance but has been compensated by 
growth in commercial applications such as 
pressure die castings used in automobiles and 
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computers. Electrochemical applications of 
magnesium alloys include anodes for cathodic 
protection, photoengraving plates, and seawa- 
ter batteries (primary batteries in which sea- 
water is the primary electrolyte, used in sono 
buoys and torpedoes). 

Table 9.6: Average annual shipments of primary magne- 
sium according to major end use in free marker countries. 


(As reported by the International Magnesium Association, 
McLean, VA.) 


Average annual Market dis- 
End use shipments, 1O t tribution, % 
1983 1987 1983 1987 
Magnesium alloys 
Die castings 279 26.6 13.6 11.3 
Gravity castings 2.0 1.8 10 08 
Wrought products 7.1 8.4 3.5 36 
Electrochemical 7.6 8.0 37 34 
Subtotal 446 448 21.8 191 
Pure magnesium 
Aluminum industry 110.8 1221 542 51.7 
Nodular iron 8.9 14.2 44 6.0 
Desulfurization 134 219 66 93 
Metal reduction 9.2 8.8 45 3.7 
Chemical 8.2 7.2 40 3.1 
Subtotal 150.5 174.2 737 73.8 
Unclassified 9.3 17.0 45 72 
Total 2044 236.0 
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10.1 Introduction 


Most primary aluminum is used for metal- 
lurgical purposes: aluminum-based alloy cast- 
ings and wrought products, alloying additions 
to metals, coatings on metals to prevent corro- 
sion and oxidation, and reducing agent to pro- 
duce metals from their oxides and fluorides. 
Of these metallurgical uses, aluminum-based 


alloy castings and wrought products make up 
about 85-90% of aluminum shipments in the 
United States. 

A comprehensive summary of the proper- 
ties, production, fabrication, and use of alumi- 
num alloys was published in 1967 [1-3]. 
Recent summaries of properties and physical 
metallurgy are in [4, 5]. Commercial alumi- 
num alloy products are described in [6, 8]. 
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Commercial alloys of other metals that con- 
tain aluminum are given in [7; 8, pp. 237 ff.; 
9]. Heat treatment [10], surface treatment [11], 
and joining [12] of aluminum alloys have been 
described recently. 


Table 10.1: Elements in commercial aluminum alloys: 
maximum specified, %. 


Element Wrought alloys Casting alloys 
Ag — 1.0 
Be — 0.3 
Bi 0.7 — 
Co 1.9 0.3 
Cr 0.40 0.6 
Cu 6.8 11.0 
Fe 2.0 2.0 
Mg 5.6 10.6 
Mn 1.8 0.8 
Ni 2.3 3.0 
о 0.5 -- 
РЬ 0.7 0.25 
Sb — 0.3 
Si 13.5 23.0 
Sn 22.0 7.0 
Ti 02 0.35 
V 0.15 0.2 
Zn 8.7 8.0 
Zr 03 0.3 


10.2 Metallurgy 


The properties of aluminum alloys depend 
on the metallurgical structure, which in tum 
depends on composition, solidification pro- 
cesses, and postsolidification thermal and de- 
formation processing ПІ, 4, 5]. 


10.2.1 Composition 


Many alloying elements are added to alu- 
minum to enhance its properties (Table 10.1) 
[13, 14]. The major elements increasing 
strength are copper (Figure 10.21), magne- 
sium (Figure 10.1), manganese (Figure 10.2), 
silicon (Figure 10.3), and zinc (Figure 10.4). 
All these have maximum solid solubility lim- 
its in excess of 1.5% (Table 10.2) [1, pp. 362- 
363]. Elements with lower solubilities, e.g., 
chromium (Figure 10.5), zirconium, and tita- 
nium, are added to certain alloys to aid in con- 
trolling aspects of metallurgical structure, e.g., 
as-cast grain size and the nature of recrystalli- 
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zation, and thus to affect the characteristics of 
the alloys. Of the elements commonly added, 
copper, magnesium, silicon, and zinc have 
high diffusion coefficients; other elements dif- 
fuse only slowly [1, p. 118]. 

Commercial alloys are usually multicom- 
ponent systems, and the phase diagrams are 
frequently complex. One important precipita- 
tion-hardening system, Al-Mg-Si, is shown 
in Figure 10.6 in the form of contour maps 
representing the solvus, solidus, and liquidus 
surfaces. 
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Figure 10.1: Aluminum-magnesium phase diagram (up 
to 16% Mg). 
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Figure 10.2: Aluminum-manganese phase diagram (up to 
4% Mn). 

The composition of a specific alloy is often 
written as, е.р., Al-5.1Mg-0.79Mn-O.11Cr 
(Aluminum Association Number 5456), 


Aluminum 


meaning an alloy consisting of 5.1% Mg, 
0.79% Mn, 0.11% Cr, and the rest aluminum 
and the usual impurities. 
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Figure 10.3: Aluminum-silicon phase diagram (up to 
40% Si). 


10.2.2 Solidification and Cast 
Structure 


10.2.2.1 Grain Size and Dendrite 
Arm Spacing 


The transformation from the liquid to the 
solid state in aluminum alloys is assisted by 
heterogeneous nucleation. Cast grain size is 
controlled by adding potent grain-refining nu- 
clei to the melt to minimize the amount of un- 
dercooling and maximize the number of 
nucleation sites. Once nucleation has oc- 
curred, growth continues under commercial 
casting conditions with a dendritic structure, 
illustrated in Figure 10.7. An important char- 
acteristic of a dendrite is the arm spacing (das) 
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or cell size. The das is related to the cooling 


rate during freezing, as shown in Figure 10.8 
[15]. 
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Figure 10.4: Aluminum-zinc phase diagram (up to 50% 
Zn). 
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Figure 10.5: Aluminum-chromium phase diagram (up to 
1% Сг). 
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Table 10.2: Solid solubility of elements in aluminum. 
ў Сг Cu Fe Mg Mn Si Zn" Zr — Quasi-Mg,Si Quasi-MgZn, 
Eutectic or peritectic 


temperature, °C 661" 548 655 450 659 577 382 661% 595 475 
Solubility at eutectic 
temperature, % 0.7? 565 0052 149 182 165 823 0.28% 1.85 16.9 
Solubility, %, at 
650 °C 071 050 009 06 167 012 24 025 0.19 
600 °C 047 297 0025 36 103 100 146 015 1.37 
550°C 027 555 0013 70 06 130 274 0.08 1.47 
500°C 0.15 405 0.006 106 035 080 407 0.05 1.08 
450°C 0.10 2.55 14.9 0.48 64.4 0.78 14.8 
400 °C 0.07 1.50 11.5 0.29 81.3 0.52 10.7 
350 °C 0.85 8.7 017 81.5 72 
300 °C 0.45 6.3 010 79.0 4.5 
250 °C 0.20 4.5 007 22.4 2.64 
200 °С 2.9 0.05 12.4 1.34 


а Miscibility gap between 31.6% and 77.7% Zn at 275 °С, closing at 60% Zn at 353 °C. 
b Peritectic instead of eutectic. 
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Figure 10.6: Al-Mg-Si phase diagram (aluminum-rich portion). A) Liquidus; B) Solidus; C) Solvus. 
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Figure 10.8: Dendrite cell size (das) as a function of cool- 
ing rate. 
This relationship is described by the equa- 
tion 
4-і 
where dis the i i 1 
Figure 10.7: Typical dendritic growth forms: photomicro- her the das in рт, kis a constant with a 


graph of electropolished as-cast 2124 alloy taken under value of 35,015 the cooling rate in K/s, and n 
polarized light. is an exponent with a value of 0.33. 
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In wrought alloy ingot 500 mm thick, the 
das varies from about 15 шп close to the sur- 
face to 80 um at the center. Roll-cast strip (6 
mm thick) has a das ranging from 5 to 12 um. 
In contrast, the grain size of grain-refined di- 
rect chill cast ingot ranges from 50 to 300 um, 
depends mainly on nucleation and growth 
conditions, and is not strongly affected by 
cooling rate. 
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Figure 10.9: Al-Cu phase diagram (up to 15% Cu). 


10.2.2.2 Segregation 


In most aluminum alloys the solute (or al- 
loying element) is less soluble in the solid 
phase than in the liquid phase (Figure 10.9), 
and addition of solute lowers the freezing 
point. As a consequence, when an aluminum 
alloy solidifies, solute is rejected at the solid— 
liquid interface, resulting in (1) solute buildup 
in the liquid a head of the freezing front and 
(2) breakdown of the planar solidification in- 
terface. The former gives rise to segregation in 
the cast structure, commonly called coring, 
and is directly responsible for the dendritic 
growth form. Segregation occurs on both mi- 
croscale and macroscale. Microsegregation is 


169 


that which forms on the scale of the dendrite 
arm spacing, whereas macrosegregation de- 
scribes solute differences over distances of 
several centimeters. 


Microsegregation is best described in terms 
of the solute distribution between two dendrite 
arms. A typical solute distribution profile in a 
direct chill cast ingot is illustrated in Figure 
10.10. (The copper at different locations 
within the volume element was determined by 
electron-probe microanalysis.) If the solidify- 
ing metal between two dendrite arms is con- 
sidered a closed volume element with no mass 
flow of liquid in or out (a reasonable first ap- 
proximation), then the redistribution that takes 
place can be described adequately by the 
Scheil equation: 


с, = c(l TA 


where с, is the composition of the solid at frac- 
tion solid f, со is the original alloy composi- 
tion, and k is the equilibrium partition ratio 
(Figure 10.9) [16]. 


Macrosegregation arises because of the 
flow of segregated liquid from one area of a 
solidifying casting to another. A typical solute 
distribution across a 600-mm-thick commer- 
cial direct chill ingot of 2024 alloy is illus- 
trated in Figure 10.11. The driving forces for 
macrosegregation are (1) shrinkage contrac- 
tion that accompanies the transformation of 
liquid to solid, (2) density differences in the 
liquid phase, and (3) convective stirring that 
arises from the temperature gradient across the 
crater of a solidifying ingot. 


Macrosegregation has been described with 
some success by analogy to fluid flow through 
a porous medium, i.e. with D’Arcy’s law 


у = (VP +p,2) 
11% 


where у is the mean interdendritic flow veloc- 
ity, k is a constant for the permeability of the 
medium, P is pressure, g is the acceleration of 
gravity, | is viscosity, @, is the volume fraction 
of liquid, and p, is the liquid density [16]. 
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Figure 10.10: Copper distribution between dendrite arms 
in direct chill (D.C.) cast 2124 alloy. --- Analysis path. 


10.2.2.3 Porosity 


Porosity in aluminum ingot and castings 
arises from two principal sources: (1) shrink- 
age contraction and (2) the rejection of dis- 
solved gas on freezing. The characteristic 
feature of shrinkage porosity, which arises 
from inadequate feeding of the solidifying 
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casting with molten metal is its angularity. In 
contrast, gas porosity is more or less spherical. 
All commercial aluminum castings contain 
some gas above the solid-state equilibrium 
level, and all shrinkage porosity contains 
some gas. 

10.0 


300 200 100 0 100 200 300 
Distance, mm——— 


Figure 10.11: Variation in copper concentration across a 
600-mm-thick direct chill (D.C.) cast ingot of Al-Cu-Mg 
alloy. 

Hydrogen is the only gas that is signifi- 
cantly soluble in aluminum. At the melting 
point of aluminum, hydrogen is 20 times more 
soluble in the liquid than in the solid Figure 
10.12) [17]. Even when the hydrogen level is 
reduced below the equilibrium concentration 
in molten aluminum by fluxing, the low solu- 
bility of the gas in the solid causes hydrogen to 
go into the remaining liquid. When the inter- 
nal gas pressure exceeds atmospheric pres- 
sure, a bubble of gas can form. For a given gas 
content, the amount of porosity is increased by 
increased alloy freezing range and decreased 
cooling rate (Figure 10.13) [18]. 

There is no measurable porosity, regardless 
of the conditions, if the hydrogen content is 
below about 0.10 mL per 100 g. At these low 
hydrogen contents the internal pressure in the 
liquid cannot exceed atmospheric pressure. In- 
stead, the gas in excess of the solid-state equi- 
librium level at the freezing point 
coprecipitates with vacancies behind the 
solid-liquid freezing front. The pores are ex- 
tremely small (1 um) and contain hydrogen at 
pressures about 20 bar (2 MPa). This porosity 
is not readily discernible in the cast structure 
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but the pores expand considerably on heating. 
The terms primary and secondary porosity are 
used to distinguish macroscopic and micro- 
scopic forms of hydrogen porosity [19]. 
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Figure 10.12: Solubility of hydrogen at 0.1 MPa (1 bar) in 
aluminum. 


10.2.2.4 Nonmetallic Inclusions 


There are three major types of solid inclu- 
sions in aluminum alloys: (1) oxides, (2) 
borides, and (3) carbides. 


Molten aluminum reacts readily with mois- 
ture in the atmosphere. The resulting alumi- 
num oxide film is generally quite coherent and 
inhibits further growth. But whenever the 
molten metal surface is disturbed, e.g., during 
the mixing in of alloying elements or tapping 
from the furnace to a transfer trough, a fresh 
oxide layer is formed immediately on the 
newly exposed surface. Therefore, oxides 
found in cast structures are usually filmlike. 
An exception is spinel, MgALO,, which 
grows on Al-Mg alloy melts when the first- 
formed MgO film crystallizes and “break- 
away” oxidation ensues. Spinel is particulate. 
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Figure 10.13: Relationship between porosity and hydro- 
gen content in semicontinuously direct chil] (D.C.) cast 
ingot: a) Thick ingot; b) Thin ingot; c) 99.2% Al; d) 
99.99% Al. Both thick (a) and thin (b) ingots are long 
freezing range alloy XXX. 

Borides originate from the presence of the 
transition elements Zr, V, and Ti along with 
boron in the Hall-Heroult cell. These impuri- 
ties, which come from the alumina feed and 
anode material, are somewhat soluble at 
950 °C, but transition metal borides precipi- 
tate as the metal cools to furnace temperature 
(750 °C). Another source of boride inclusions, 
but usually of much smaller size (0.5 to 3 jum), 
is the Al-Ti-B master alloy used for grain re- 
fining. 

Carbides, generally in the form of ALC,, 
also arise from the cell metal. At 950 ?C car- 
bon has a solubility of 50 ppm in molten alu- 
minum. As the metal cools, the solubility 
drops to 1 ppm, with the resultant precipitation 
of carbide particulate. 


10.2.3 Thermal and Mechanical 
Processes 


10.2.3.1 Preheating 


Ingot to be fabricated to wrought products 
is usually preheated or homogenized [4, Chap. 
5]. This treatment, often near the melting tem- 
perature, lasts a few hours to a few days. Pre- 
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heating alleviates microsegregation (coring 
and soluble grain boundary segregation) by 
diffusion and makes the ingot more amenable 
to hot deformation. Preheating followed by 
slow cooling is used to bring certain elements, 
€.g., manganese, into solid solution and then 
precipitate them into a more desirable form, 
usually very fine dispersoids, for control of re- 
crystallization, formability, toughness, finish- 
ing, etc. During homogenization, secondary 
porosity increases in size, but the porosity will 
eventually disappear, collapsing under the 
force of surface tension, if the conditions in 
the furnace are favorable for the loss of hydro- 
gen from the ingot. 

During solidification, insoluble intermetal- 
lics, such as FeAl,, precipitate with an angular 
geometry. During homogenizing heat treat- 
ments this type of precipitate becomes less an- 
gular, and the fabricability of the ingot is 
enhanced. 

There is sufficient residual stress in a direct 
chill cast ingot to cause recrystallization and 
grain growth in alloys containing no insoluble 
particles, as shown in Figure 10.14. 


Figure 10.14: Abnormal grain growth in a direct chill 
(D.C.) cast 5252 alloy ingot homogenized at 565 ?C for 
4 h (0.09X). Aqua regia etch. 


10.2.3.2 Non-Heat-Treatable Alloy 
Processes 


The non-heat-treatable alloys are strength- 
ened by dispersion, solid solution, and work 
hardening (4, Chap. 4). The common alloy 
systems of this type are unalloyed aluminum 
containing controlled levels of impurities 
(mostly Fe and Si) Al-Mn, and Al-Mg. 
Strength increases with the alloy content (Fig- 
ure 10.15). Magnesium is more soluble in alu- 
minum than Fe and Si or Mn, and Al-Mg 
alloys are the ones capable of reaching the 
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highest strengths. Strength increases also 
when the dislocation density is increased by 
deformation: the increase is determined by the 
composition and the amount and temperature 
of deformation. Figure 10.16 shows for three 
alloys, how the yield strengths are increased 
and the elongations decreased by rolling at 
room temperature. 
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Figure 10.15: Effect of magnesium content on tensile 
properties. 
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Figure 10.16: Effect of cold rolling on yield strength and 
elongation of three alloys. 

The strain induced by deformation can be 
reduced by heating; the rate of reduction is de- 
termined by alloy, amount of strain, tempera- 
ture, and time. Figure 10.17 shows the effects 
of heating time and temperature on the yield 
strength and elongation of alloy 1100 given 
about 75% cold reduction (H18 temper). The 
effect of lower strains (H12 and H14) at 
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204 °C is illustrated in Figure 10.18. The ini- 
tial drop in strength is caused by recovery pro- 
cesses involving changes in dislocation 
structure. Higher temperatures and longer 
times increase the degree of recrystallization 
and thus the ductility, and decrease strength, 
until full annealing is achieved. Heating to 
achieve properties between strain hardened 
and fully annealed is known as partial anneal- 
ing. 
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Figure 10.17: Effect of heating time and temperature on 

yield strength and elongation of 1100-Н18. The gage 


length over which the elongation is measured is four times 
the diameter of the specimen (4D). 
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Figure 10.18: Effect of strain (H12, H14, H18) and heat- 
ing time at 204 °C on yield strength and elongation of 
1100 alloy. 

Strain-hardened Al-Mg alloys recover at 
room temperature, the rate of recovery in- 
creasing with Mg content and amount of origi- 
nal strain. This long-term recovery can be 
prevented by stabilizing at moderate tempera- 
tures. Figure 10.19 illustrates the effects of the 
recovery process and stabilization on an alloy 
cold worked on four strain levels. 
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Figure 10.19: Recovery at room temperature of strain- 
hardened and stabilized (8 h, 143 °C) Al-2.43Mg-0.25Cr 
alloy sheet. 


10.2.3.3 Heat-Treatable Alloy 
Processes 


Heat-treatable aluminum alloys depend on 
precipitation from supersaturated solid solu- 
tion to develop high strength [4, Chap. 5; 10, 
pp. 675-718]. The basic requirements for al- 
loying elements are high solid solubility at el- 
evated temperatures, low solubility at room 
and moderate temperatures, and precipitates 
that strain the lattice. The typical precipitation 
sequence is 


supersaturated solid solution > Guinier-Preston zones > 
metastable phases — stable phases 


Examples of the sequence are given in Table 
10.3 for several systems [20-22]. The major 
commercial heat-treatable alloy systems are 
Al-Cu, Al-Cu-Mg, Al-Cu-Si-Mg, Al-Si- 
Mg-Cu, Al-Mg-Si-Cu, Al-Mg-Si, Al-Zn- 
Mg, and Al-Zn-Mg-Cu. Alloys containing 
lithium, which has a solid solubility limit of 
4% at 600 °C, are the subject of extensive re- 
search and development and probably will be- 
come commercial [21]. 


As the precipitation sequence proceeds, lat- 
tice strain and strength increase, whereas duc- 
tility decreases and then increases. The 
strength can increase at room temperature 
(natural aging) or at moderate temperatures 
(artificial aging or precipitation heat treat- 
ment). Aging past peak strength 1s known as 
overaging and for practical purposes occurs 
only at elevated temperatures. 
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Table 10.3: Aluminum alloy precipitation sequences. 


Al-Cu S.S.a > GP[1] > GP[2] or 6" + 0’ > 
0(CuAL) 

AI-Si S.S.a — Si 

AI-Mg S.S.a — С.Р. zones > B’ > B(Mg,Al,) 


Al-Cu-Mg S.S.a — С.Р. zones > 5' — S(Al,CuMg) 
Al-Mg-Si S.S.a — G.P. zones > B’ — B(Mg,Si) 


Al-Zn- n’ > n(MgZn,) 
Mg-Cu 5.5.а-» G.P. zones а т = T(Mg,Zn,AL) 
Al-Li S.S.a > 8'(Al,Li) > &(AILi) 


Al-Li-Cu S.S.a — С.Р. zones > 0" > 8’ — Ө(АІ,Си) 
— T,(AlCuLi) 
Al-Li-Mg S.S.a > 8'(AlLi) > Al,LiMg 


The kinetics of the precipitation sequence 
and the magnitude of the effects on properties 
are determined by composition, temperature 
and strain. Some effects of composition on 
natural aging are illustrated in Figure 10.20. 
The Al-Cu-Mg alloy (2024) effectively 
reaches peak strength after about 100 h. The 
Al-Mg-Si alloy (6061) also hardens rapidly 
for the first 100 h, but strength continues to 
rise more rapidly than for the Al-Cu—Mg alloy 
for at least ten years. The Al-Zn-Mg-Cu alloy 
(7075) rises even more rapidly than the Al- 
Mg-Si alloy, with no sign of leveling. Ductili- 
ties, as indicated by elongation tests, fall 
slowly as strengths rise. 
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Figure 10.20: Effect of natural aging time on strength and 
ductility of some aluminum alloys. 

The classic system for studying precipita- 
tion hardening and artificial aging is Al-Cu. 
The equilibrium phase diagram (Figure 10.21) 
shows the maximum solid solubility of 5.65% 
at 548 °C and a solubility of less than 0.2% at 
250 *C. The aging sequence of an Al-4Cu al- 
loy is illustrated in Figure 10.22 [23]. (Al-4Cu 
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is an alloy consisting of 4% Cu and the rest 
aluminum.) After solution heat treating above 
500 °C and quenching to retain a supersatu- 
rated solid solution, artificial aging proceeds 
at moderately elevated temperatures as shown, 
with initially rising and then falling hardness. 
The changes in hardness are associated with 
the appearance of G-P (Guinier-Preston) 
zones and their transformation to 0' and 0. 
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Figure 10.21: Aluminum-copper phase diagram (up to 
10% Cu). 
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Figure 10.22: Effect of aging time and temperature on 
hardness and structure of Al-4Cu alloy. 

Artificial aging accelerates the precipita- 
tion sequence; higher strengths are obtained 
within practical time frames. (Compare the 
curves in Figure 10.23 with the curve for 2024 
in Figure 10.20.) The decrease in strength 
from overaging is associated with changes in 
metallurgical structure resulting in more stable 
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properties and dimensions and increased 
toughness and resistance to corrosion, in par- 
ticular to exfoliation and stress-corrosion 
cracking in the Al-Zn-Mg-Cu alloys. These 
effects are illustrated in Figures 10.24 and 


10.25 [24]. 
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Figure 10.23: Effect of aging temperature and time on 
strength and ductility of an Al-Cu-Mg alloy (2024) not 
cold worked between quenching and aging. 
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Figure 10.24: Effect of overaging on strength and tough- 
ness of an Al-Zn-Mg-Cu-Cr alloy (7075). 

The precipitation sequence is accelerated 
also by strain introduced after quenching. The 
effects of strain on natural aging and on artifi- 
cial aging of an Al-Cu-Mg alloy are shown in 
Figures 10.26 and 10.27, respectively. The in- 
troduction of strain after artificial aging also 
increases strength and reduces ductility (Fig- 
ure 10.28). 

The preceding discussion has been essen- 
tially in terms of strength and ductility. How- 
ever, much of the manipulation of 
metallurgical structure by composition, solidi- 
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fication rate, thermal practices, and deforma- 
tion of commercial products is done to obtain 
an optimum combination of properties and 
characteristics, including strength, ductility, 
toughness, formability, corrosion resistance, 
finishing characteristics, fatigue resistance, 
and machinability. 
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Figure 10.25: Effect of overaging time and temperature 
on stress-corrosion cracking of Al-Zn-Mg-Cu-Cr alloys 
containing 4.5-7.5% Zn, 1.5-3.8% Mg, 0.75-0.25% Cu, 
and 0.05-0.5% Cr. 
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Figure 10.26: Effect of cold work after quenching and 
natural aging on yield strength of Al-Cu-Mg alloy 
(2024). 


10.3 Production Methods 


The flow of aluminum from reduction 
plants to end product, as well as the important 
scrap loops, is shown schematically in Figure 
10.29. Producers of mill products and castings 
use both primary and secondary metal to pro- 
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duce the intermediate products that manufac- 
turers need to produce final products. 
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Figure 10.27: Effect of strain between quenching and ar- 
tificial aging of Al-Cu-Mg alloy (2024). 
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Figure 10.28: Effect of strain after artificial aging on 
strength and ductility of an Al-Mg-Si alloy (6061). 


The production of mill products and cast- 
ings begins with the melting and casting oper- 
ation. Castings are made in final or near-final 
shapes. For mill products, ingots are cast with 
rectangular or circular cross section and sub- 
sequently worked down to the desired shapes. 
Alternate methods for producing thin sheet 
and foil consist of continuously casting and 
rolling thin wide strip. In similar processes for 
producing rod, bar, and wire, the alloy is con- 
tinuously cast into a small bar, rolled through 
grooved rolls, and drawn through dies. Other 
processes begin with atomized powders, 
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which subsequently are compacted and then 


deformed. 
Secondary aluminum 
ingot (smelters) 


Producers of 
mill products castings 
In-house In-house 
scrap scrap 
Consumers of mill products and castings 
{manufacturers of end products) 
End praducts 


Primary aluminum 
pig and ingot 
reduction plants) 


Figure 10.29: Flow of aluminum alloy products. 


Table 10.4: Impurities in aluminum from the Hall- 
Heroult cell. 


Impurity Usual concentration range, % 

Fe 0.06-0.35 
Si 0.05-0.15 
H ca. 3 x 10°* 
Na 0.002-0.004 
Ca 0.002-0.004 
li 0.002-0.004 
Ti, Zr 0.005-0.020 
V, Cr 0.0054Р0.020 
АО, variable 
Al MgO, (spinel) variable 
ALG, variable 
TiB,, etc. variable 


а 0.20-0.60 mL per 100 g Al. 


10.3.1 Melting and Metal 
Treatment 


Aluminum and aluminum alloys are melted 
before conversion into castings, ingot for sub- 
sequent fabrication or remelting, particulate 
for chemical applications and alloying with 
other metals, and powders for pigments and 
powder metallurgy. The components of the 
melt may include molten metal directly from 
the reduction cell, primary ingot, scrap alumi- 
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num, remelted scrap ingot, and alloying ele- 
ments [3, Chap. 1]. 


10.3.1.1 Impurities in the Molten 
Metal 


The principal impurities in aluminum from 
the Hall-Heroult cell are listed in Table 10.4. 
The ranges are shown as a guide and are not 
absolute values. 


Hydrogen is the only gas significantly solu- 
ble in molten aluminum. It arises in the reac- 
tion of molten metal with moisture in the 
atmosphere, refractories, or reaction products. 
The standard free energy (AG?) for the reac- 
tion 


3H,O + 2Aly) > А1,0,%3Ң, 
is high: 
AG? = -979 100 - 7I9T log7 +4137 (AG? in J/mol) 


The molecular hydrogen dissociates and en- 
ters the metal interstitially: 


Hag ® 2Н к, 


At equilibrium: 


К = Shad 
ay P 


2 


where K is the equilibrium constant, аң and 
Ay, are activities, c is the concentration of dis- 
solved gas, and P is the gas pressure. The con- 
centration of dissolved gas is given then by 


c= k JP where k = JK 


commonly known as Sievert’s law. 


Reaction of molten aluminum with mois- 
ture is not only the source of hydrogen but also 
the principal source of oxide contamination. 
The alkali metals and alkaline-earth metals 
(Li, Na, and Ca) come mainly from the elec- 
trolyte in the Hall-Heroult cell and from re- 
fractories. Borides originate from impurities 
in the carbon anodes and alumina, whereas 
carbon enters into solution by dissolution of 
the anodes. 
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10.3.1.2 Alloying 


Alloying is normally carried out in the tem- 
perature range 700-730 °C. The lower melt- 
ing point additions, such as Zn, Mg, Cu, and 
Si, are made in elemental form, whereas the 
higher melting point additions are made as 
master alloys or briquettes (Table 10.5). 

Table 10.5: Aluminum master alloys and briquettes for al- 
loying. 


Composition Principal constituents 


Al-1096 Cr CrAl, 

Al-10% Mn MnAl, and MnAl, 

AI-25% Fe Al,Fe 

Al-6% Zr Al,Zr 

Al-3 or 4% В AIB, and AIB,,, respectively 
75% Mn-Al Aland Mn powder 

75% Cr-Al Aland Cr powder 


10.3.1.3 Recycling and Skim 
Treatment 


Great emphasis is placed on the recovery of 
aluminum from scrap. The principal motiva- 
tion is energy savings; about 20 times as much 
energy is needed to produce aluminum from 
ore as to produce the equivalent amount from 
scrap. Recycling of beverage cans is increas- 
ing in the United States as primary producers, 
beverage companies, secondary metal dealers, 
and civic organizations continue to open col- 
lection centers. The growth of recycling of 
aluminum cans in the United States is shown 
in Table 10.6 [25, p. 30}. 


Table 10.6: Aluminum can reclamation data. 


Aluminum Number ofalu- Percentage of 

Year collected, minum cans col- aluminum cans 
10° kg lected, x 10° produced 

1972 24 1,2 15.4 
1973 31 1.5 15.2 
1974 47 2.3 17.5 
1975 82 4.1 26.9 
1976 96 4.9 24.9 
1977 127 6.6 26.4 
1978 154 8.0 27.4 
1979 163 8.5 25.7 
1980 276 14.8 37.3 
1981 461 24,9 53.2 
1982 510 28.3 55.5 


The primary problems encountered іп the 
recovery of aluminum from scrap are melt loss 
and contamination. Prevention of large losses 
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when melting oily scrap, lightweight cans, 
foil, etc., requires special techniques, includ- 
ing melting in molten salt (NaCl or NaCl + 
KCl) and ablative melting, i.e., submerging 
the scrap below the surface of a molten alumi- 
num charge. The principal contaminants en- 
countered in recycled metal are silicon, iron, 
and titanium (from paint pigment on beverage 
containers). Because there are no simple 
methods of removing these elements from 
molten aluminum, scrap must be presorted be- 
fore it is melted. Many foundry alloys can 
contain high levels of these elements, but for 
wrought alloys the only way to recycle scrap is 
to dilute the contaminants with pure metal. 

The skim that forms on molten aluminum 
may be 70-95% unoxidized aluminum metal, 
depending on the type of charge, furnace, 
holding temperature, alloy, and fluxing treat- 
ment. À variety of methods have been devised 
to recover metal from skim. Most depend on a 
combination of mechanical crushing, screen- 
ing, and mixing in a molten salt bath to sepa- 
rate metal from the oxidized fraction. The salt 
bath is normally a eutectic mixture of NaCl 
and KCI with 5-10% cryolite. 


10.3.1.4 Molten Metal Treatment 


Most uses of aluminum alloys demand high 
quality with respect to contaminants. For ex- 
ample, sheet for containers, plate, sheet and 
forgings for aircraft structures, memory disks 
for computers, and articles with a decorative 
finish, such as automotive trim, all require low 
levels of nonmetallic impurities. Hydrogen is 
particularly deleterious because it causes gas 
porosity in the cast ingot, possibly leading to 
defects such as blisters in sheet and extrusions 
and reduced mechanical properties in forgings 
and thick plate. 

Even under the most favorable melting 
conditions, some degassing treatment is usu- 
ally required prior to pouring high-quality in- 
got or castings. Treatment may be either batch 
in the furnace or continuous during transfer of 
the melt from the furnace to the casting unit. 
In the batch method the melt is purged with 
Ar, N, or Cl; ora mixture of Cl, with either of 
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the inert gases. However, because furnace 
fluxing is inefficient and environmentally 
damaging, it is being replaced by continuous 
processes, which often combine gas removal 
with filtration. A number of these systems are 
described in [26]. Figure 10.30 illustrates a 
typical bed filtration system (Alcoa 528) com- 
bined with a gas purge for hydrogen and al- 
kali-metal reduction (Alcoa 622). Figure 
10.31 shows a successful method of filtration 
with a porous ceramic plate [27]. 
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Figure 10.30: Molten metal fluxing and filtering system 
with Alcoa 622 and 528 metal treatment units. 
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Figure 10.31: Filtration with a porous ceramic plate. 


Before the metal is cast into ingot, grain re- 
finer 1s usually added to control the grain 
structure of the ingot. Reducing the as-cast 
grain size has a number of benefits, such as re- 
ducing the sensitivity of the metal to hot 
cracking during solidification, enhancing the 
hot workability of the ingot, and producing a 
wrought structure that gives a uniform appear- 
ance on etching and anodizing. Grain refine- 
ment is carried out most effectively by the 
addition of titanium and boron in the form of 
an Al-Ti-B master alloy. The master alloy 
may be added to the furnace but preferably is 
added to the molten metal stream between the 
furnace and the casting unit. Typical titanium 
additions range from 0.003% to 0.015%. 
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10.3.2 Casting Processes for Ingot 


Direct chill (D.C.) casting is the primary 
method of ingot production in the aluminum 
industry [28]. Large ingots with either a rect- 
angular or circular cross section are cast for 
fabrication by rolling to sheet or extruding to 
shaped profiles. Some circular cross section 
ingot is used as forging stock and starting ma- 
terial for rod and wire production. Figure 
10.32 is a schematic illustrating the D.C. cast- 
ing process developed around 1940, and Fig- 
ure 10.33 shows a later modification in which 
level transfer is used to avoid turbulence with 
the associated oxide generation and hydrogen 
pickup. The level-pour method produces high- 
quality ingot for forged products of highest in- 
temal integrity. Direct chill ingot is usually 
cast in multiples, and the drop is terminated 
when the ingot length reaches the depth of the 
casting pit. A continuous casting process, in 
which the ingot is cast horizontally as depicted 
in Figure 10.34, is widely used to produce a 
limited number of alloys when large amounts 
of ingot of one size are required. 
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Figure 10.32: Vertical direct chill (D.C.) casting. 
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Figure 10.33: Level-pour mold assembly. 


The most recent development in semicon- 
tinuous thick ingot casting is electromagnetic 
casting (EMC). In this method the traditional 
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mold is replaced by an electromagnetic field 
that contains the column of molten metal until 
it enters the direct water cooling system. This 
produces a smooth-surface ingot free from the 
subsurface segregation of the older methods 
(Figure 10.35) [29]. In some applications the 
EMC ingot can be fabricated without any prior 
surface machining or scalping. The major cap- 
ital investment for scalping equipment and the 
melt loss, which occurs when scalper chips are 
remelted, are thus avoided. 
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Figure 10.34: Horizontal D.C. casting. 
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Figure 10.35: Electromagnetic casting (EMC) process. 


Although thick-sectioned ingot is used to- 
day for the bulk of aluminum alloy produc- 
tion, there is an increasing amount of 
continuous cast strip 6 to 18 mm thick. Pro- 
ductivity is lower, but casting at high solidifi- 
cation rates, closer to final shape, allows 
elimination of many energy-consuming steps, 
such as scalping, homogenizing, and hot roll- 
ing. All the major thin-section casting meth- 
ods use the moving mold concept. Two of the 
most popular are the twin-roll Hunter Engi- 
neering process (Figure 10.36) and the Ha- 
zelett twin-belt method (Figure 10.37). 
Another method of casting close to the final 
shape is the Properzi process. A bar with a 
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trapezoid cross section of about 32 cm? is con- 
tinuously cast and rolled to a 9-mm diameter 
rod. This method provides stock for conductor 
wire production. High energy costs will accel- 
erate the trend from thick ingot casting to the 
less energy-intense, thin-section, continuous 
casting. 
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Figure 10.36: Twin-roll Hunter caster. 
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Figure 10.37: Hazelett twin-belt caster. 


10.3.3 Shaped Casting 


Aluminum alloys are suitable for all com- 
mon shaped casting methods: pressure die, 
permanent mold, sand casting, plaster, and in- 
vestment [3, Chap. 2; 8, pp. 140-179]. The 
first three methods are the most commonly 
used. Pressure die casting (also called die cast- 
ing) is the most widely used. Production by 
die casting, in terms of kilograms of metal 
cast, is more than twice that by permanent 
mold and sand casting combined. Typically, 
die castings are small in size, permanent mold 
castings are intermediate, and sand castings 
are largest. Section thickness usually increases 
in the same order. Die castings have the best 
surfaces, sand castings the worst. 
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By far the most common casting alloys are 
the hypoeutectic Al-Si type (Si in the range 4— 
12%). Die castings freeze more rapidly than 
permanent mold castings, which freeze more 
rapidly than sand castings. In order to maxi- 
mize the mechanical properties in permanent 
mold and sand castings, modifiers are added to 
the hypoeutectic Al-Si alloys. The most com- 
mon modifiers are Na and Sr, small additions 
(0.005-0.1%) having the effect of refining the 
usually platelike silicon in the eutectic and 
giving it a rodlike form. These structural 
changes, illustrated in Figure 10.38A and B, 
help to increase both strength and ductility of 
the alloys. Antimony (0.05-0.1%) may also 
be used to refine the eutectic structure; how- 
ever, it does not modify the alloy and the bene- 
fits are fully achieved only after heat 
treatment. The Лурегешесііс Al-Si alloys, 
used primarily in die casting, are modified 
with phosphorus, because aluminum phos- 
phide is a potent nucleus for silicon. 


10.3.3.1 Die Casting 


In the pressure die casting process the mol- 
ten metal is injected at high velocity into a re- 
usable metal mold. The combination of the 
thin sections and high pressure insures a rapid 
freezing rate (Figure 10.8), but the accompa- 
nying contamination by gas entrapped as the 
metal enters the mold detracts from the poten- 
tial advantages of the fine metallurgical struc- 
ture. In addition, gas contamination prevents 
heat treatment to develop precipitation 
strengthening. However, the true potential of 
die casting will be realized only by adopting 
techniques such as evacuating the mold before 
injecting the molten metal to minimize gas 
pickup. 

Because the die is made of steel, with no 
give, the alloys used must be resistant to hot 
cracking and reasonably fluid to fill the thin 
sections typical of die castings. In general, the 
alloys contain at least 0.6% Fe, purported to 
reduce “soldering”, i.e., sticking of the cast 
part to the die as it is being ejected. 
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Figure 10.38: Effect of sodium modification on micro- 
structure of sand-cast A357.0 alloy as polished (120 x). 
A) Not modified; B) Modified. 
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10.3.3.2 Permanent Mold Casting 


Like die casting, permanent mold casting 
(also called gravity die casting) employs a re- 
usable metal mold. Because the mold is grav- 
ity fed, the pouring rate is relatively slow, but 
the metal mold produces rapid freezing. Gen- 
erally, permanent mold castings are larger, 
with thicker sections, than die castings. They 
have good mechanical properties and are usu- 
ally sound, provided the alloys exhibit good 
fluidity and resistance to hot cracking. Me- 
chanical properties can be improved further by 
heat treatment. 


10.3.3.3 Sand Casting 


Sand casting is the least expensive process, 
but the mold, which is formed by ramming 
sand mixed with bonding agent around a pat- 
tern, is not reusable. Like permanent mold 
casting, the sand mold is gravity fed. The prin- 
cipal disadvantages are slow cooling rates 
(Figure 10.8), poor surface finish, and the 
minimum wall thickness of 4 mm. For the 
same alloy the slow cooling rate results in 
lower mechanical properties than with perma- 
nent mold casting. Nevertheless, sand casting 
is widely used, particularly if the casting is 
large or if the number of items to be produced 
does not justify the expense of a metal mold. 
An advantage of sand casting is that quite 
complex shapes can be made with alloys that 
are not particularly resistant to hot cracking 
because sand, unlike metal, can give when the 
alloy contracts on freezing. 


10.3.4 Mill Products 


Mill products or wrought products are pro- 
duced by working ingot into the desired shape. 
The most common mill product is sheet, but 
significant quantities of plate, foil, extrusions, 
drawn tube, forgings, impacts, rolled rod, bar, 
shapes, and wire are produced [5, Chap. IX]. 


10.3.4.1 Plate, Sheet, and Foil 


Plate, sheet, and foil are collectively re- 
ferred to as flat rolled products. By conven- 
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tion, plate is thicker than 6.30 mm, sheet is 
between 0.15 mm and 6.30 mm, and foil is 
less than 0.15 mm thick. Flat rolled products 
are produced in rolling mills by passing the 
metal between two cylindrical rolls where it is 
subjected to high compressive forces to de- 
crease thickness and increase length. When 
flat rolled products are made from ingot, ini- 
tial passes are always at elevated tempera- 
tures, but final passes may be hot or cold, 
depending on desired thickness and temper. 
When continuously cast strip is the starting 
material, initial passes may be either hot or 
cold. Intermediate heating may be used to pro- 
mote homogeneity and to remove prior strain. 
After the final rolling pass, heat-treatable al- 
loys are annealed or solution heat treated and 
aged to produce the desired temper: some al- 
loy-tempers require strain after quenching or 
aging. Non-heat-treatable alloys are annealed, 
partially annealed, or stabilized to produce the 
desired temper. 

The size of ingot used for making nat rolled 
products varies widely in thickness, width, 
and length, depending on such factors as alloy, 
product size, and equipment size. Commercial 
ingot varies from 200 x 1000 mm to 600 x 
1900 mm in cross section and is up to 9m in 
length. The maximum size of flat rolled prod- 
ucts depends on alloy. temper, and thickness. 
Maximum size of flat plate may vary from 
1300 to 4900 mm wide and 23-25.4 m long. 
The maximum weight per piece commercially 
available is about 3600 kg. Maximum size of 
flat sheet is 900-3350 mm wide and 4.6-19.8 
m long. Sheet is also supplied in coils up to 
1500 mm wide and 4500 kg in weight. Foil is 
supplied in coils up to 1550 mm wide. 


10.3.4.2 Extrusions 


Extrusions are produced in extrusion 
presses by forcing an ingot or billet to flow 
from a container through a die to produce an 
elongated shape. The diversity of shapes and 
sizes is great, ranging from the simplest round 
rod to cross sections of great complexity. Ta- 
ble 10.7 summarizes the shape and size capa- 
bilities of the aluminum extrusion industry. 


Alloys 


Extrusions may be given thermal and mechan- 
ical treatments to produce the desired temper, 
or they may be given further mechanical de- 
formation by drawing to tube or wire. Ex- 
truded stock can also be fabricated further by 
forging and drawing. 


Table 10.7: Capabilities of the extrusion industry. 
Alloy 


almost all commer- 
cial wrought alloys 


1-300 mm 
Diameter of circumscribing circle 6-300 mm 


(smallest circle that completely 
encloses the shape) 


Section thickness 


Weight/length 0.07-300 kg/m 
Straight length 33.5 m max. 
Weight per piece 1200 t max. 


Tubing and pipe diameter 600-840 mm 


The capability of extrusion presses is de- 
scribed in terms of the maximum force that the 
press can exert on the ingot or billet. Capacity 
ranges from a few hundred to 13 000 t, but 
most presses fall in the range 1500-2500 t [3, 
Chap. 3]. 


10.3.4.3 Forgings 


Forging is metalworking performed in 
hammers and presses. The compressive force 
is applied either locally — the different parts 
of the forging are progressively worked on 
open dies (hand forgings) — or over the entire 
surface of the forging in closed dies (die forg- 
ings). Forging is done both hot and cold. Start- 
ing stock is ingot or partly fabricated forms 
such as extruded bar, rolled bar, and plate. 
Forging hammers range in capacity from 0.2 
to 25 t and make parts weighing up to 100 kg. 
Mechanical presses range in capacity from 
300 to 10 000 t and make parts weighing up to 
25 kg with plan areas up to 0.3 m?. Hydraulic 
presses range in capacity from 500 to 75 000 t 
and make parts weighing from a few kg to 
1500 kg with plan areas up to 3 m? [3, Chap. 
5]. 


10.3.4.4 Other Mill Products 


Tubing and pipe are produced as extrusions 
that may be reduced further, in both size and 
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wall thickness, by subsequent drawing 
through dies. An alternate method is forming 
sheet into a long hollow shape or a spiral and 
butt welding the edges to make a tube or pipe. 

Rolled rod, bar, and some shapes are pro- 
duced in rolling mills. For this purpose the 
rolis have a series of circumferential grooves 
to impart the desired shape. 

Wire may be round, square, hexagonal, or 
octagonal in cross section. By convention it is 
less than 10 mm in diameter or between flats. 
It is produced by drawing rod or bar through a 
series of dies. Cable is made by stranding 
wire. ACSR (aluminum conductor, steel rein- 
forced) is made by stranding aluminum wires 
around steel wire. 

Impacts are parts made in a confining die 
from a metal slug by a rapid, single-stroke ap- 
plication of force through a punch. The metal 
flows back along the punch or through an 
opening in the punch or die. 


10.3.5 Powder and Paste 


Most aluminum powder is made by atomiz- 
ing molten aluminum with compressed air; the 
particle size is controlled by the atomizing 
conditions. The particles are very rough but 
approximately equiaxial. Atomized powders 
are used in a number of chemical and metal- 
lurgical procedures. 

Pigments are usually produced by ball mill- 
ing atomized powder in the presence of lubri- 
cants to produce thin flakelike shapes having 
length and breadth 10 to 100 times greater 
than thickness. After milling, the pigment may 
be dried at moderately elevated temperature at 
reduced pressure, or solvent may be added to 
make a paste. 


10.4 Commercial Alloys, 
Products, and Uses 


A number of systems are used throughout 
the world to designate aluminum alloys and 
tempers. In the discussion that follows, the 
Aluminum Association designations are used 
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for casting and wrought alloys. Manufactur- 
ers' designations are customary for powder- 
metallurgy alloys. 


10.4.1 Aluminum Association 
Designations for Alloys and 
Tempers 


The Aluminum Association designation 
system for casting alloys is shown in Table 
10.8 [6, pp. 8-9]. In the 1XX.X group the sec- 
ond and third digits indicate the minimum alu- 
minum percentage above 99.00%. In the 
2XX.X through 9XX.X groups, the second 
and third digits have no compositional signifi- 
cance but serve only to identify different al- 
loys within the group. The digit to the right of 
the decimal indicates product form: 0 for cast- 
ings; | and 2 for ingot, 2 indicating a narrower 
composition range within the broader limits of 
the XXX.1 composition. A modification of the 
original alloy or impurity limits is indicated by 
a letter prefix. (I, O, Q, and X may not be used 
as the prefix.). 


Table 10.8: Casting alloy designation system. 


Major alloying element Designation 
> 99.00% Al or purer IXX.X 
Cu 2XX.X 
Si * Cu and/or Mg 3XX.X 
Si 4ХХ.Х 
Мр 5ХХ.Х 
Zn TXX.X 
Sn 8XX.X 


The Aluminum Association system for 
wrought alloys is shown in Table 10.9 [6, pp. 
7-8]. In the 1XXX group the last two digits in- 
dicate the minimum aluminum percentage 
above 99.00%. For example, the alloy 1060 is 
99.60% Al. Only one alloy, 1100, has a speci- 
fied alloying addition, 0.05-0.20% Cu. In the 
2XXX through 7XXX groups the last two dig- 
its have no composition significance but serve 
only to identify individual alloys in the series. 
The second digit indicates a modification of 
the original alloy. The prefix X indicates an 
experimental alloy. 
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Table 10.9: Wrought alloy designation system. 


Major alloying element Designation 
> 99,00% Al IXXX 
Cu 2XXX 
Mn 3XXX 
Si 4XXX 
Mg SXXX 
Mg + Si 6XXX 
Zn 7ХХХ 
Other 8XXX 


Temper designations are based on the se- 
quence of basic treatments used to produce the 
temper (Table 10.10) [6, pp. 9 12]. Some basic 
treatments are applicable to both wrought and 
casting alloys. Variations of basic tempers for 
non-heat-treatable alloys are in Table 10.11. 
The third digit, when used, indicates a varia- 
tion of a two-digit temper. It is used when the 
temper or mechanical properties, or both, dif- 
fer from but are close to those for the two-digit 
H temper designation, or when some other 
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characteristic is affected significantly. Varia- 
tions of the basic tempers are shown for heat- 
treatable alloys in Table 10.12. Additional 
digits, the first not zero, may be added to des- 
ignation ТІ through T10 to indicate a varia- 
tion in treatment that significantly alters the 
characteristics of the product. 


10.4.2 Alloys for Castings 


Almost 100 compositions for casting alloys 
have been registered by the Aluminum Asso- 
ciation [13]. Nominal compositions of the 
most common alloys are shown in Table 
10.13. Also shown are a few alloys, e.g., 
201.0, 390.0, and 852.0, which are used in 
small volume but illustrate the range of com- 
mercial compositions. Some properties that 
are affected by compositions but not by tem- 
per are given in Table 10.13. 


Table 10.10: 
Designation 
F 


о 


Basic temper designations. 


Description 


as fabricated, Applies to the products of shaping processes in which thermal conditions or strain hardening 
is not specially controlled. For wrought products there are no mechanical property limits. 


annealed. Applies to wrought products annealed to the lowest strength temper, and to cast products an- 
nealed to improve ductility and dimensional stability. The O may be followed by a digit other than zero. 


strain hardened (wrought products only). Applies to products strengthened by strain hardening, with or 
without supplementary thermal treatment to reduce strength. The H is always followed by two or more dig- 
its. 

solution heat treated. An unstable temper, applies only to alloys aging spontaneously at room temperature 


after solution heat treatment. The designation is specific only when the period of natural aging is indicated, 
e.g., W 1/2 hr. 


thermally treated, stable tempers other than F, O, or H. Applies to products thermally treated, with or with- 
out supplementary strain hardening, to produce stable tempers. The T is always followed by one or more 
digits, 


Table 10.11: Non-heat-treatable alloy tempers. 


Designation 
Hl 


H2 


H3 


Description 


strain hardened only, Applies to products strain hardened to the desired strength without supplementary 
thermal treatment. The number following this designation indicates the degree of strain hardening. 


strain hardened and partially annealed. Applies to products strain hardened more than the desired final 
amount and then reduced to the desired level by partial annealing. The number following this designation 
indicates the degree of strain hardening remaining after partial annealing. 


strain hardened and stabilized. Applies to products strain hardened and stabilized by low-temperature ther- 
mal treatment or heating during fabrication. This designation is applicable only to those alloys which, un- 
less stabilized, gradually age soften at room temperature. The number following this designation indicates 
the degree of strain hardening remaining after stabilization. 
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Casting alloys are ranked by suitability for 
casting, i.e., by their foundry characteristics, 
in Tables 10.14 and 10.15. The rankings are 
relative to other alloys in each casting cate- 
gory; i.e., die, permanent mold, or sand. Resis- 
tance to hot cracking is the ability to withstand 
contraction stresses on cooling. Die filling ca- 
pability and fluidity indicate the ability of the 


Table 10.12: Heat-treatable alloy tempers. 
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molten metal to flow into all parts of the mold. 
Die castings are ranked on their tendency to 
solder to the die. Pressure tightness is an indi- 
cation of the soundness of the cast part and the 
freedom from leakage of fluid under pressure. 
Solidification shrinkage reflects the alloy not 
being subject to shrinkage porosity. 


Designation Description 

TI cooled from an elevated-temperature shaping process and naturally aged to a substantially stable condition. 

T2 cooled from an elevated-temperature shaping process, cold worked, and naturally aged to a substantially 
stable condition. 

T3 solution heat treated, cold worked, and naturally aged to a substantially stable condition. 

T4 solution heat treated and naturally aged to a substantially stable condition. 

T5 cooled from an elevated-temperature shaping process and artificially aged. 

T6 solution heat treated and artificially aged. 

T7 solution heat treated and overaged/stabilized. Applies to wrought products artificially aged after solution 
heat treatment and carried beyond maximum strength to control characteristics other than mechanical 
properties. 

T8 solution heat treated, cold worked, and artificially aged. 

T9 solution heat treated, artificially aged, and cold worked. 

T10 cooled from an elevated-temperature shaping process, cold worked, and artificially aged. 


Table 10.13: Composition and properties of casting alloys. 


Nominal composition, % Properties? 
Alloy Product" - < 3 T PV 
Mg Mn Si Others mar, C o? *, gio? a,10?*K^ E,GPa 
201.0 S 46 0.35 035 0.70Ag,0.25 Ti 535-560 2.71 19.3 71.0 
355.0 ] SorP 1.2 0.50 5.0 545-620 2.71 22.4 70.3 
C355.0 
356.0 ] SorP 0.32 7.0 555-615 2.69 21.5 72.4 
A356.0 0.35 7.0 
A357.0 SorP 0.60 7.0 0.15 Ti, 0.005 Ве 555-615 2.68 21.6 71.7 
360.0 D 0.50 9.5 555-595 2.63 21.0 71.0 
380.0 D 3.5 8.5 540-595 2.74 21.0 71.1 
390.0 D 45 0.60 17.0 505—650 2.73 18.0 81.2 
413.0 р 12.0 575-582 2.66 20.4 
В443.0 SorP 5.2 575-630 2.69 22.0 71.0 
513.0 P 4.0 1.8 Zn 580-640 2.65 24.0 
518.0 D 8.0 535-620 2.57 24.1 
520.0 8 10.0 450-605 2.57 25.0 66.0 
713.0 SorP 0.70 0.35 7.5 Zn 595-640 2.81 24.0 
852.0 SorP 20 0.75 6.25 Sn, 1.2 Ni 205-635 2.88 23.3 


a Dfor die casting, P for permanent mold casting, and 5 for sand casting. 


b Melting range m.r, density p?, average coefficient of thermal expansion a. over the range 20-100 °C, and modulus of elasticity E in 


tension. 
c Actual density slightly lower because of porosity. 
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Table 10.16: Minimum tensile properties of permanent mold and sand casting alloys. 


Permanent mold Sand casting 
Alloy Temper Tensile strength, Yield strength, Elongation in Tensile strength, Yield strength, Elongation in 
MPa MPa 50 mm, % MPa MPa 50 mm, % 
201.0 T6 — -- — 414 345 5.0 
T7 — -- - 414 345 3.0 
355.0 Т6 255 — 1.5 221 138 2.0 
Т51 186 — -- 172 124 - 
Т71 234 186 -- 207 152 -- 
T62 290 - — — — — 
T7 248 — — — — — 
C355.0 T61 276 207 3.0 -- — — 
T6 — — — 248 172 2.5 
356.0 F 145 — 3.0 131 — 2.0 
T6 228 152 3.0 207 138 3.0 
T7 — — — 214 — — 
T51 172 -- -- 159 110 -- 
T71 172 — 3.0 172 124 3.0 
A356.0 T61 255 179 5.0 — — = 
T6 — — — 234 166 3.5 
4357.0 T61 310 248 3.0 -- — - 
B443.0 F 145 41 2.5 117 41 3.0 
513.0 F 152 83 2.5 — -- -- 
520.0 T4 - — — 290 152 12.0 
713.0 TS 221 152 4.0 207 152 3.0 
852.0 TS 186 — 3.0 166 124 -- 


Table 10.17: Typical uses of aluminum casting alloys. 
Alloy Typical applications 


cn ne == u — 

201.0 applications requiring highest strength and moderate elongations (T6): structural castings, aerospace parts, 
truck and trailer castings. Applications requiring elevated-temperature strength (T6, T7): gasoline engine cyl- 
inder heads and pistons, rocker arms, connecting rods; turbine and supercharger impellers; missile fins. Appli- 
cations requiring high strength and energy absorption capacity: gear housings, aircraft landing gear, ordnance. 


355.0 applications requiring good castability, high strength, and pressure tightness: pump bodies, liquid-cooled cyl- 
inder heads, crankcases, aircraft fittings, impellers. 


C355.0 stronger and more ductile than 355.0: aircraft, missile, and other structural parts. 


356.0 intricate castings requiring good strength and ductility: transmission cases, truck axle housings, truck wheels, 
cylinder blocks, cylinder heads, fan blades, marine hardware. 


A356.0 stronger and more ductile than 356.0: aircraft and missile parts, auto transmission cases. 
A357.0 aircraft and missile parts requiring weldability, strength, and toughness. 
360.0 applications requiring corrosion resistance better than 380.0. 


380.0 most widely used die-casting alloy: lawnmower housings, gear cases, cylinder heads for air-cooled engines, 
parts for auto and electrical industries. 


390.0 auto cylinder blocks, four-cycle air-cooled engines, air compressors, parts requiring abrasion resistance, low 
thermal expansion, or elevated-temperature strength. 


413.0 thin-walled intricate designs requiring excellent castability. 

B443.0 general-purpose alloy: cooking utensils, waffle irons, architectural and marine fittings 

513.0 castings requiring anodic finishes and corrosion resistance: marine fittings, auto trim, pipe couplings. 
518.0 escalator parts, conveyor components, aircraft and marine hardware, 

520.0 strong and ductile structural uses: aircraft fittings, trucks and bus frame components, brackets. 

713.0 general-purpose alloy: large castings requiring strength without heat treatment. 

852.0 bearings and bushings for heavy loads. 
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Typical tensile properties of some die cast- 
ing alloys are shown in Table 10.14 [30, p. 
B85]. 

Table 10.16 lists tensile properties of some 
permanent mold and sand castings, minimum 
guaranteed values for separately cast test bars 
(30, pp. В26, B108]. 

Castings are also ranked by product charac- 
teristics (Tables 10.14 and 10.15). Resistance 
to corrosion is based on general corrosion in a 
standard salt spray test. Machining is a com- 
posite rank based on ease of cutting, chip char- 
acteristics, quality of finish, and tool life. 
Polishing is based on ease of polishing and 
quality of finish. Electroplating rank indicates 
the ability to take and hold an electroplated 
coating. Anodizing rank is based on lightness 
of color, brightness, and uniformity of the 
clear anodized coating applied in sulfuric acid 
electrolyte. The chemical oxide coating is 
ranked on the combined resistance of coating 
and base alloy to corrosion. The elevated tem- 
perature strength is based on tensile and yield 
strength up to 260 °C. Die castings are not 
generally solution heat treated, but some per- 
manent mold and sand castings are. Castings 
may be given a low-temperature aging or sta- 
bilization treatment without a separate solu- 
tion heat treatment. 


Some uses of aluminum alloy castings are 
listed in Table 10.17. 


10.4.3 Alloys for Wrought 
Products 


Almost 200 compositions have been regis- 
tered by the Aluminum Association for 
wrought alloys [14], and about 1000 alloy— 
temper-product combinations have been de- 
scribed [6, 8]. 

Nominal compositions are listed in Table 
10.18. Typical properties that depend on com- 
position but not on temper are illustrated in 
Table 10.19. The melting range is for a thor- 
oughly homogenized structure. The modulus 
of elasticity is an average of tension and com- 
pression. The modulus is about 2% higher in 
compression than in tension. 


Alloys 


Some characteristics and properties for se- 
lected alloy-tempers are given in Table 10.20. 
General corrosion ratings A through E are rel- 
ative ratings, in order of decreasing ment, 
based on exposures to sodium chloride solu- 
tion by intermittent spraying or immersion. 
Alloys with A and B ratings can be used in in- 
dustrial and seacoast atmospheres without 
protection. Alloys with C, D, or E ratings gen- 
erally should be protected, at least on faying 
surfaces. The general corrosion ratings of 
thick sections of 2011-T3, 2024-T3, and 7075- 
T6 would be lower than given in Table 10.20. 
The corrosion ratings of 5182 and 5456 may 
be lowered by exposure to elevated tempera- 
ture for long periods. 


Stress-corrosion cracking ratings are based 
on service experience and laboratory tests of 
specimens exposed to the 3.5% sodium chlo- 
ride alternate immersion test. 


1. No known instance of failure in service or 
laboratory tests 


2. No known instance of failure in service, 
limited failures in laboratory tests of short 
transverse specimens 


Table 10.19: Properties of wrought aluminum alloys. 


Alloy т.к", °С р> °, g/cm 01°, 10% КА Ef, GPa 
1100 640-655 2.71 23.6 69 
2011 540-640 2.83 24.9 70 
2024 500-635 2.78 23.2 73 
2036 555-650 2.75 23.4 7і 
2219 545-645 2.82 22.3 73 
3003 640-655 2.73 23.2 69 
3004 630-655 2.72 23.9 69 
4032 530-570 2.68 19.4 79 
4043 575-630 2.68 22.0 — 
5052 605-650 2.68 23.8 70 
5182 575-640 2.65 24.1 71 
5456 570-640 2.66 23.9 71 
6010 585-650 2.70 23.2 69 
6061 580-650 2.70 23.6 69 
6066 560-645 2.72 23.2 69 
7005 -- 2.78 — 72 
7050 488-635 2.82 23.0 72 
7075 532-635 2.80 23.6 72 
7090 550-635 2.85 23.8 75 


a mr = Melting range. 

b Density p”. 

c Average coefficient of thermal expansion 0, over the range 
20-100 “С. 

d E= Average modulus of elasticity. 
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3. Service failures with sustained tension 
stress acting in short transverse direction 
relative to grain structure, limited failures 
in laboratory tests of long transverse spec- 
imens 


4. Limited service failures with sustained 
longitudinal or long transverse stress 


Ratings A through D for workability and A 
through E for machinability are relative rat- 
ings in order of decreasing merit. Ratings A 
through D for weldability, brazeability, and 
solderability also are relative ratings. For ex- 
ample: 


l. Generally weldable by all commercial 
procedures and methods 


2. Weldable with special techniques or for 
specific applications that justify prelimi- 
nary trials or testing to develop welding 
procedure and weld performance 


3. Limited weldability because of crack sen- 
sitivity or loss in resistance to corrosion 
and mechanical properties 


4. No commonly used welding methods 
have been developed 


Alloys 


A wide variety of alloy-temper-product 
combinations are available as indicated by the 
partial listing in Table 10.21. Some typical 
uses for wrought aluminum alloy products are 
in Table 10.18. 


10.4.4 Comparison of Designation 
Systems 


In the United States the Aluminum Associ- 
ation system generally is used. In other coun- 
tries other systems are in use. Table 10.22 
compares the designations of approximately 
equivalent casting alloys, and Table 10.23 
does the same for wrought alloys. Much more 
extensive lists are given in [31]. Inspection of 
Table 10.23 shows that the designations of 
wrought alloys are similar, or the same, in the 
United States, Australia, Canada, Italy, and Ja- 
pan. The systems in Germany, Austria, the 
Netherlands, and Switzerland are similar. 
There is also an international system, which is 
not much used. The organizations issuing 
specifications and designations are listed in 
Table 10.24 for selected countries [31, Appen- 
dix F]. 


Table 10.22: Designations of approximately equivalent casting alloys [31]. The Australian and Canadian designations 
refer to the Aluminum Association .2 alloys, whereas the German, Japanese, and British refer to the .0 alloys. The Italian 
designations generally refer to both .0 and .2 alloys, For example, AP 309 is equivalent to 355.2 and L78 is equivalent to 


355.0. 
Aluminum ; United 
Association Australia Canada Germany Italy Japan Kingdom 
355 AP 309; H49-13 .5С5ІМ 3600; G-AS5CG; AC4D 178; LM16 
G-AISiSCuMg 
C355 SC 51Р 
356 AP 601*, H49-18 .SG 70N 3.2364 3599; G-AS7GM; AC4C LM25 : 
G-AISiI7MgMn 
A356 ВР 601; СР 601; .8670Р 3.2374; G-AISi7Mg; 5028; 1.99 
H49-18 GK-AISi7Mg 
360 AP 605; BP 605; 3051; 5074; 
H49-23 GD-AS9GF; 
GD-AISi9MgFe 
380 AP 313 .SC 84Р G-AISi8Cu3, 
GD-AISi8Cu3; 
GK-AISi8Cu3 
A380 BP 313; H49-16 .SC 84N 3601; G-AS8,5C; LM24 
G-AISi8,5Cu 
413 AP 401" .S 12Р GD-AISi12 LM20 
518 АР 503; H49-19 | .G8 5080; GD-AG7,5F; 
GD-AIMg7,5Fe 
520 AP 505; H49-8 .G IO 3056; G-AG10; ACT8 L53; LMIO 
G-AIMg10 


a AS for .] alloys, e.g., AS 601 for 356.1. 
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g Table 10.24: Organizations that issue specifications. 
$ T Country Organization, city 
Я a Australia Standards Association of Australia, North 
y га Sydney 
oo 
Е % 5 Austria Österreichisches Normunginstitut, Wien 
> CREN Canada Canadian Standards Association, Ontario 
v 2 China China Association for Standardization, Pe- 
N > France Association frangaise de normalisation, 
= 2 Paris 
а 5 Germany Deutsches Institut für Normung, Berlin 
International International Organization for Standard- 
2 R E ization, Genéve 
ің бе: e 00 : КЕЕ Bes ы 
21.2.8 08 Italy Ente nazionale italiano di unificazione, 
a м] ns Q $ Km Milano 
^ = ^ 2 ч £ Japan Japanese Industrial Standards Committee, 
2 Tokyo 
Е Netherlands Nederlands Normalisatié Instituut, 
t Rijswijk 
5 Spain Instituto nacional de racionalizacoön del 
2 trabajo, Madrid 
Switzerland Verein Schweizerischer Maschinen Indust- 
9 rieller, Zürich 
= S е Former So- USSR State Committee for Standards, 
о = viet Union Moskva 
> United King- British Standards Institution, London 
3 Fal dom 
Е United States The Aluminum Association, Washington 
v 
m -_ 
5 3 10.4.5 Alloys for Powder 
E 2 Metallurgy Products 
3 Powder metallurgy is used to achieve 
unique combinations of properties not obtain- 
8 2 able by other techniques. Two categories of 
E 4 powder-metallurgy products аге made: high- 
< performance wrought products, and sintered 
3 рагіѕ. 
б H 
8 с Тһе high-performance wrought products 
e are produced from prealloyed atomized pow- 
v ders compacted into billets. The billets are 
Ela © then fabricated by typical metalworking oper- 
8 ` 5 ations, е.р., extruding or forging. А vacuum 
< S preheat is used to remove gas from the par- 
i " tially densified compact immediately preced- 
= dud 2 ing hot compacting to full density. Hot 
q S Б 5 |4 deformation during compacting and subse- 
А = [8 quent metalworking completely eliminate po- 
о + + . 1 
Б 5 = rosity, break up the original oxide film on the 
ЕЗ Е powder particles, and establish strong inter- 
БЕЛЕ a 2 |8 particle bonds. The product is heat treated and 
«аа S 5 2 artificially aged to complete the process. Al- 
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loy 7090 produced by this process has a 
unique combination of high strength (Table 
10.20) and resistance to exfoliation corrosion 
and stress-corrosion cracking. It has high frac- 
ture toughness and is used in airframe struc- 
tures [33]. 


Sintered parts are made from mixtures of 
unalloyed powders or mixtures of unalloyed 
and alloyed powders. Lubricant to prevent 
aluminum adhering to compacting tools may 
be mixed with the powder or applied to the 
tools. The powders are usually compacted 
cold into the desired shape in automatic pow- 
der metallurgy presses. The part then is sin- 
tered in an inert atmosphere at a temperature 
that causes limited melting to promote inter- 
particle bonding as well as alloying of the 
components, The part may be used as sintered 
and naturally aged (Tl), or it may be heat 
treated and aged to increase strength (T6). Sin- 
tered parts retain some porosity, which is con- 
trolled by the compacting and sintering 
conditions. Table 10.25 summarizes composi- 
tion and properties of powder-metallurgy al- 
loys [34]. 


10.5 Manufacture of Articles 
from Aluminum Products 


Aluminum alloy mill products and castings 
are the starting materials for the manufacture 
of a great many articles, ranging from agricul- 
tural equipment to zippers. The value added 
by subsequent operations varies with the arti- 
cle, ranging from a small fraction to many 
times the cost of the mill product or casting. 
The major manufacturing operations are shap- 
ing, joining, and finishing. 


10.5.1 Shaping 


The shapes of aluminum products are 
changed by deformation and metal removal. 
Deformation involves stretching, bending, up- 
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setting, and extruding and changes the metal- 
lurgical structure. Little or no metal is lost. On 
the other hand, metal removal usually is ac- 
companied by substantial loss of metal, but 
there is no change in metallurgical structure. 
Removal includes cutting, grinding, and 
chemical dissolution (3, Chaps. 6-8; 8, pp. 
180-190). 


The choice of method is determined by 
many factors, including alloy-temper, the 
form of the mill product, and the form and 
characteristics of the final product. Table 
10.20 classifies a number of alloy-tempers ac- 
cording to workability; information on addi- 
tional alloy-tempers is in [3, Chaps. 6-8; 8, pp. 
46-49]. The machinability ratings in Tables 
10.14 and 10.20 are based on the nature of the 
machine chips (small, or long and stringy), 
surface finish, and tool wear. These ratings 
can serve only as a preliminary guide because 
the type and shape of machining tools, cutting 
speeds, lubrication, and other factors also 
must be considered [3, Chap. 8; 8, pp 187- 
190]. 


10.5.2 Joining 


Aluminum products are joined by many 
commercial methods: mechanical, metallurgi- 
cal, and adhesive |3, Chaps. 11-15; 12; 8, pp. 
191-203]. 


10.5.2.1 Mechanical Joining 


Mechanical joining is used to join alumi- 
num articles to other aluminum articles and to 
other materials. Aluminum alloy threaded fas- 
teners, rivets, bolts, and nails are often used. 
Also used often are lock seams, crimping, and 
other integral joints that do not use separate 
fasteners. Generally, the condition of the alu- 
minum surface does not have an effect on the 
initial strength of the joint, but surface prepa- 
ration and postjoining protection have major 
effects on leak tightness and durability. 
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The most ubiquitous examples of mechani- 
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tempers is in |8, pp. 46-49, 144]. The rankings 
are based on how easily defect-free joints are 
made and how closely the joints approach the 
properties, corrosion resistance, and finishing 
characteristics of the parent metal. Aluminum 
alloy specialty products made for joining ap- 
plications include filler wire for welding (Ta- 
ble 10.26) and brazing (Table 10.27) and 
brazing sheet (Table 10.28). Surface pretreat- 
ment and protection of the surface during met- 
allurgical joining are important factors 
affecting the quality of the finished joint. 


Table 10.26: Filler alloys for inert gas welding of alumi- 
num alloys. 


Nominal composition, % 


анау Si Cu Mn Mg Cr Ті Other 
1100 0.13 
2319 6.2 0.30 0.15 0.10 V 
0.18 Zr 

4043 53 
4047 120 
4145 100 40 
5183 075 48 015 
5356 0.13 50 013 0.13 
5554 075 27 013 0.13 
5556 0.75 51 013 0.13 
5654 35 025 0.10 
242.0 4.0 1.6 2.0 Ni 
2950 11 4.5 
3550 5.0 1.25 0.50 
356.0 7.0 0.30 
Table 10.27: Brazing filler alloys. 

AWS* Nominal composition, 96 ара 
classifica- Sl. Паш: 
tion бі Си Mg Cr Ti Bi “ін dus 
BAISi-2 75 575 615 
BAISi-3 10.0 4.0 0.15 520 585 
BAISi-4 12.0 575 580 
BAISi-5 10.0 0.20 575 590 
BAISi-6" 7.5 2.5 560 605 
BAISi-7 10,0 1.5 560 595 
BAISi-8° 120 1.5 560 580 
BAISi-9 12.0 0.3 560 580 
BAISi-10* 11.0 2.5 560 580 
BAISi-11® 10.0 1.5 011 560 595 


а American Welding Society. 
b Solidus and liquidus temperatures in a vacuum differ from 
those in the table. 
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Table 10.28: Aluminum brazing slıeet. 
Brazing sheet no. Sides clad Core alloy Cladding alloy 


7 1 3003 4003 

8 2 3003 4004 
li 1 3003 4343 
12 2 3003 4343 
13 1 6951 4004 
14 2 6951 4004 
21 1 6951 4343 
22 2 6951 4343 
23 1 6951 4045 
24 2 6951 4045 


10.5.2.3 Adhesive Bonding 


Adhesive bonding is widely used to join 
aluminum to itself and to other materials. Ap- 
plications range from aircraft structures to 
packaging. Suitability for adhesive bonding is 
not usually a factor in alloy selection, the alloy 
is selected on its other characteristics and 
properties. Surface preparation of the adher- 
ends strongly affects initial strength and dura- 
bility. Several pretreatment methods are in 
use, and this is currently an active area of re- 
search and development. Adhesive bonding is 
sometimes combined with other joining meth- 
ods such as spot welding (weldbonding) and 
mechanical joining [35]. 


10.5.3 Cleaning and Finishing 


An outstanding characteristic of aluminum 
alloys is the ability to accept decorative and 
protective finishes. Extensive research and de- 
velopment has resulted in many different 
types of finishes and many processes to pro- 
duce finishes [3, Chaps. 16-22, 11, pp. 571- 
610]. Because cleaning and pretreating the 
surface prior to applying the final coating are 
so important, the manufacture of a commer- 
cial article usually involves a sequence of 
cleaning and finishing steps. Generally, the 
procedures do one or more of the following: 


e Remove dirt, lubricant, oxide, and other de- 
bris left by prior operations 


e Remove some of the base metal 

e Deform the surface of the base metal 
e Convert aluminum to aluminum oxide 
e Coat with other materials 
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The multistep nature of finishing processes 
is illustrated in Figure 10.40 by showing a se- 
quence for anodizing architectural parts [11, p. 
590]. One sequence for preparing alloys for 
electroplating is shown in Figure 10.41 [11, p. 
604]. Although many methods are used, they 
can be divided into nine categories: 


e Mechanical 

e Chemical cleaning 

e Etching 

e Brightening 

e Chemical conversion coating 
e Anodizing 


e Metal coatings (immersion and electroless 
coating, electroplating) 


Mechanical finish: 
buff, belt polish, 
or abrasive blast 
Seal 
Solution 5 


Inhibited 
alkaline clean 
Solution 1 


==» 


Cold rinse 


Anodize 
Solution 4 


Alloys 


e Painting and organic coatings 


e Enameling 


10.5.3.1 
Finishing 


Mechanical Cleaning and 


Mechanical methods may be used to re- 
move asperities, smoothing the surface, or to 
produce a uniformly rough surface. The 
method can remove metal (e.g., grinding, pol- 
ishing, buffing, blasting) or deform the surface 
(e.g., embossing, hammering, shot респіпр). 
Surface appearance ranges from mirrorlike to 
hammered, depending on the method and al- 


loy. 
Alkaline etch 
Solution 2 


Oesmut 
Solution 3 


Figure 10.40: Operations sequence in sulfuric acid anodizing of architectural parts. 


Solution no. Type of solution Composition Operating temperature, °C Cycle time, min 
1 alkaline cleaning alkali, inhibited 60-71 2-4 
2 alkaline etching NaOH, 5% 50-71 2-20 
3 desmutting HNO,, 25-35 vol% room 2 
4 anodizing H,SO,, 15% 21-25 5-60 
5 sealing water, pH 5.5-6.5 100 5-20 


g Remove soil and grease 2% 


Vapor 

degrease 
Subsequent Rochelle-type 
plate copper strike 


Ne Electroplate zi 


Alkaline 
clean 


= Remove oxide =N 


Acid dip 
Solution 1 


Acid dip 
Solution 2 


Zincate 


Solution 3 


= Coat with zinc NES 


Figure 10.41: Preplating surface preparation sequence suitable for alloys 1100, 3003, 3004, 2011, 2017, 2024, 5052, 
6061, 208, 295, 319, and 355. 


Solution Type of solution Composition Concentration Operating temperature, °C Cycle time, s 
1 acid dip H,SO, 15 vol% 285 120-300 
2 acid dip HNO, 50 vol% room 15 
3 zincating NaOH 525 g/L 16-27 30-60 
ZnO 100 g/L 
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10.5.3.2 Chemical Cleaning and 
Finishing 

Chemical cleaning and finishing treatments 
are used to: 


e Remove oxides, lubricants, and other matter 
left on the surfaces from prior operations or 
storage 


e Smooth or roughen surfaces to impart spec- 
ular or mat appearances 

e Develop decorative or protective coatings 

e Deposit metallic films 

The surfaces that result from these treat- 
ments are usually a pretreatment for other fin- 
ishes, but they are sometimes the final surface 
of the article. 

The least aggressive cleaners are the or- 
ganic solvents. They are used to remove oils 
and greases but do not remove oxides or 
metal. Alkaline cleaners range from mild to 
aggressive. They are commonly used to dis- 
solve or remove dirt and can be formulated to 
etch. Etching is controlled by inhibitors, such 
as silicates. Acid cleaners arc used to remove 
oxide films, welding and brazing fluxes, and 
smut from other cleaning operations. Smut is a 
term applied to the dark deposit formed when 
alloys containing high concentrations of sili- 
con, copper, iron, and manganese are etched in 
alkaline solutions. 


10.5.3.3 Chemical Etching 


Chemical etching removes metal to pro- 
duce mat finishes and to reduce or remove sur- 
face scratches, extrusion die lines, and other 
small defects. Etching promotes surface uni- 
formity, thus simplifying subsequent finish- 
ing treatments. Alkaline etching works well 
with most aluminum alloys, provided etching 
is followed by desmutting. However, acid 
etching is preferred for 99.99+ aluminum and 
alloys containing large amounts of magnesium 
or silicon. 

The most common alkaline etching solu- 
tion is NaOH plus a sequestering agent to re- 
tard the formation of hydrated alumina. Acid 
etching solutions are usually nitric-hydrofluo- 
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ric and sulfuric-chromic acids. The high-sili- 
con alloys are also etched in hydrofluoric acid 
solutions. 


10.5.3.4 Chemical and Electrolytic 
Brightening 


Chemical brightening, chemical polishing, 
and bright dipping are synonymous. The 
rough surface is smoothed and brightened by 
dissolving the high spots. Acid oxidizing solu- 
tions are used most commonly, for example, 
phosphoric-nitric and phosphoric-sulfuric ac- 
ids. The solutions can be tailored to specific 
alloys. 

Electrolytic brightening, or electropolish- 
ing, also is used to produce smooth bright sur- 
faces. The aluminum is the anode. A variety of 
baths are used, including fluoroboric acid, so- 
dium carbonate-trisodium phosphate, and sul- 
furic-phosphoric-chromic acid. These 
brightening processes are followed by 
desmutting, anodizing, and sealing. 

The surfaces produced range from specular 
to diffuse. Generally the quality of finish is 
highest for super pure aluminum (99.99%) 
containing up to 2% Mg and high-purity alu- 
minum (99.7 to 99.85%). However, these fin- 
ishing methods are also applied to other 
alloys: e.g., 5457, 5357, 6463, 6063, 5052, 
1100, 5005, 3003, and 6061, the quality of fin- 
ish decreasing gencrally in this order. 


10.5.3.5 Chemical Conversion 
Coating 


Chemical conversion coatings are surface 
films formed by reactions that convert the sur- 
face of the aluminum into one of the compo- 
nents of the coating. Because the coatings are 
integral with the surface, they have excellent 
adherence. Although conversion coatings are 
thinner and less protective than anodic coat- 
ings, they give adequate corrosion and abra- 
sion protection for many applications and are 
excellent: substrates for lacquers, paints, plas- 
tic films, adhesives, and lubricants. 

Many solutions have been used, but they 
generally contain agents to do at least two 
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things: (1) dissolve the original aluminum ox- 
ide coating and some of the underlying alumi- 
num and (2) form insoluble aluminum 
compounds (oxides, phosphates, or chro- 
mates) on the surface. Inhibitors are some- 
times added to control the rate at which 
aluminum dissolves. 


10.5.3.6 


Anodizing converts the aluminum surface 
to aluminum oxide. The alloy and the condi- 
tions for forming the oxide can be chosen to 
produce a wide variety of useful characteris- 
tics. Uses include: 

e Decorative colors and textures 

ө Substrates for paints, metal plating, adhe- 
sives, and photographic and lithographic 
emulsions 

e Corrosion resistance 

e Wear resistance 

e Electrical insulation 

e Quality control (inspection of parts for 
cracks and metallurgical nonuniformity) 

Two principal types of anodized coatings 
are recognized: barrier and porous (Figure 
10.42) (36, 37]. The mechanism for the forma- 
tion of the barrier coating is ionic: aluminum 
ions from the base metal combine with the ox- 
ygen of water in the electrolyte. The limiting 
thickness of the barrier layer is determined by 
the distance that the ions can penetrate at the 
applied potential, about 140 nm/V. If the oxide 
is appreciably soluble in the electrolyte, cur- 
rent continues to flow, and a relatively thick, 
porous oxide layer can develop. The limiting 
barrier layer thickness is then less than 140 
nm/V. The porous oxide cells are predomi- 
nately hexagonal, and each cell contains a 
pore. The dimensions of the cells and pores 
depend primarily on the potential, and second- 
arily on the electrolyte. The porous anodic 
coatings are essentially amorphous and can be 
sealed in boiling water. Anodizing at voltages 
above 100 V can form some eta alumina {n- 
А1,0;). 

Some conventional anodizing processes аге 
shown in Table 10.29. The most common 


Anodizing 


Alloys 


electrolytes for conventional thick porous an- 
odized coatings are sulfuric acid solutions. 
These coatings have a wide range of charac- 
teristics; the conventional coatings are decora- 
tive or protective and range in thickness from 
4 to 30 um. Chromic acid anodized coatings 
are thinner and less abrasion resistant than the 
sulfuric acid coatings, but they are more flexi- 
ble and more resistant to deformation and 
heating without crazing. Oxalic acid anodized 
coatings are somewhat harder than the sulfuric 
acid coatings. 

Table 10.30 lists a number of processes that 
produce thicker and harder anodized coatings 
than the conventional processes. 

Barrier layer 


шиле» Barrier layer 
Aluminum thickness 
Ss | 
: Aluminum 
Barrier Porous 


Figure 10.42: Structure of anodic coatings. A) Two prin- 
cipal types; B) Structure of 120-V phosphoric acid coating 
with dimensions of pore, cell, cell wall, and radius of cur- 
vature shown in mm. 


Alloy Composition. The anodizing character- 
istics of aluminum are affected significantly 
by impurities and alloying elements. Alloys 
containing copper and silicon require higher 
voltage than unalloyed aluminum to produce a 
given thickness, but magnesium lowers the 
voltage. Appearance, continuity, abrasion re- 
sistance, dielectric strength, composition, and 
structure of the anodic layer are all affected by 
alloy composition. 


Aluminum 


Table 10.29: Conventional anodizing processes [11, p. 587]. 
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Anus Temper. PU yol: Come, Film 
Process bath % 7 pried oC tion, age, V density, thickness, Appearance Remarks 
min A/dm pm 
Sulfuric acid 
Sulfuric acid 10 18 15-30 14-18 1-2 5-17 colorless, hard, unsuitable for color- 
Water 90 transparent ing 
Alumilite 
Sulfuric acid 15 21 10-60 12-16 1.3 4-23 colorless, good corrosion protection 
Water 85 transparent 
Oxydal 
Sulfuric acid 20 18 30 12-16 1-2 15-20 colorless, good corrosion protection, 
Water 80 transparent suitable for variegated and 
golden coloring 
Anodal and Anoxal 
Sulfuric acid 20 18 50 12-16 1-2 20-30 colorless, for coloring to dark tones, 
Water 80 transparent bronze, and black 
Commercial chromic and acid process 
Chromic acid 5-10 40 30-60 о 0.5-1.0 4-7 graytoiri- good chemical resistance, 
Water 95-90 descent poor abrasion resistance, 
suitable for parts with nar- 
row cavities, electrolyte 
not detrimental 
Eloxal GX 
Oxalic acid 2-10 20-80 30-80 20-80 0.5-30 5-60  colorlessto hard films, abrasion resis- 
Water 98-90 dark brown tant, coloring depends on 
alloy 
Ematal 
Oxalic acid 1.2 50-70 30-40 120 3 12-17 ргау, hard, dense film, extreme 
Titanium potas- opaque, abrasion resistance 
sium oxalate 1 enamel-like 
Citric acid 0.025 
Boric acid 0.2 
Water 98 
а The voltage is increased from zero to a limit determined by the amperage. 
Table 10.30: Processes for hard coating [11, p. 592}. 
Amount, Temper- Dura- _ Current Film 
Process bath А Ре tion, density, thickness, Appearance Remarks 
yo ature, °C : age, V 2 
min A/dm pm 
Martin Hard Coat (MHC) 
Sulfuric acid 15 —4 10 0 80 20-75 2.7 50 light to dark very hard, wear resistant 
Water 85 gray or 
bronze 
Alumilite 225 and 226 
Sulfuric acid 12 10 20ог40 10-75 28 25-50 light to dark very hard, wear resistant, 
Oxalic acid 1 gray or allows higher operating 
Water 87 bronze temperature than MHC 
Kelcolor 
Sulfosalicylic acid 7-15 18-24 -- 1.5-4 15-35 light yellow self-coloring process, the 
Sulfuric acid 0.34 to brown to light-fast colors depend 
Water 81-93 black on alloy chosen 
Lasser 
Oxalic acid 0.75 1-7 520 ^ 700 colorless hard, thick coatings pro- 
Water 99.25 duced with special cool- 


ing process 


a The voltage is arising ramp from 50 to 500 V, the amperage is determined by the voltage. 
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Coloring. Pure aluminum (99.95%) produces 
the most transparent coating, dullness gener- 
ally increasing with the impurities and alloy 
content. Anodic coatings are colored by cer- 
tain alloying elements (integral colors). Alu- 
minum-silicon alloys such as 4043 provide 
durable gray coatings widely used as exterior 
architectural finishes. Chromium and copper 
in solid solution yield light gold finishes, and 
manganese imparts tan to brown shades. 


Porous anodic coatings can be impreg- 
nated with organic and inorganic dyes and pig- 
ments during anodizing by incorporating the 
dyes and pigments in the electrolyte or during 
a postanodizing treatment. 


Sealing. Many anodic coatings are porous and 
subsequently are sealed to improve resistance 
to staining, resistance to corrosion, and dura- 
bility of the colors. Sealing is accomplished by 
immersion in hot water. The mechanism is 
generally thought to involve conversion of the 
essentially amorphous alumina surface of the 
anodic coating to crystalline alpha alumina 
hydrate, increasing the volume and therefore 
closing the pores. 


10.5.3.7 Metal Coatings 


Certain metals can be deposited on the sur- 
face of aluminum articles by reaction (immer- 
sion and electroless processes) or electrolysis 
(electroplating). The former are usually func- 
tional, but the latter can be functional or deco- 
rative. 


Immersion coating involves the reduction 
of cations by aluminum, whereas electroless 
coating involves the reduction of cations by 
reducing agents in the solution. Immersion 
coatings of zinc and tin plus copper are used 
primarily as a base for electroplating other 
metals. Tin has been used on aluminum air- 
craft engine pistons. Nickel is the most com- 
mon electroless coating on aluminum, but 
cobalt, copper, gold, palladium, etc., can also 
be deposited by this method. 


Alloys 


Metals are electroplated on aluminum for 
appearance, increased wear-, abrasion-, or 
erosion-resistance; lower electrical resis- 
tance; better solderability; and improved fric- 
tion characteristics. Table 10.31 shows a few 
uses of electroplated products. 


Electroplating of aluminum articles is made 
more complicated by the nature of the alumi- 
num oxide surface and the reactivity of alumi- 
num when the oxide is removed. Additional 
complications result from reactions between 
aluminum and the electroplating solutions, 
and galvanic reactions between aluminum and 
the plated metal. The metallurgical structure 
of aluminum alloys consists of solid solutions, 
constituents, dispersoids, and precipitates, 
each having a different reactivity. All of these 
forms must be considered to obtain useful 
electroplates. 


10.5.3.8 Paints and Organic Films 


Aluminum surfaces that have been properly 
pretreated are excellent substrates for paints 
and organic films. Optimum pretreatment is 
multistep and may include combinations of 
mechanical cleaning, chemical cleaning, con- 
version coating, anodizing, and priming. Pre- 
treatment ranges in effectiveness from solvent 
cleaning, marginal even for interior service, to 
anodizing, which can give corrosion protec- 
tion in severe environments. Conversion coat- 
ings are excellent bases for organic coatings 
and laminating adhesives, and they provide 
some corrosion protection. 


Primer coatings are formulated specifically 
to promote the adherence and performance of 
finish coats. Plastic coatings, e.g., vinyl, ep- 
oxy, butyrate, polyethylene, and nylon, can be 
applied in thicknesses of 0.1-0.5 mm by melt- 
ing fine particles of resin on the surface to 
form a continuous film. Plastic films, e.g., 
poly(vinyl chloride) and poly (vinyl fluoride), 
are bonded adhesively to aluminum. 


Aluminum 
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Table 10.31: Uses of electroplated aluminum products [11, p. 602]. 


З Preplating Electroplating Thickness, 
Product Form treatment system шп Purpose 
Automotive 
Bearings sheet none Pb+Sn+Cu 6+32 prevent seizing 
Bumper guards castings buff and Cu+Ni+Cr 2.5 + 51 + appearance, corrosion resis- 
zincate 0.8 tance 
Tire molds castings none hard Cr 51 wear and corrosion resistance 
Aircraft 
Hydraulic parts, landing forgings machine and Cuflash- Cu 2.5 + 25 + wear resistance 
gears, small engine pistons zincate + hard Cr 76 
Electrical and electronics 
Busbars, switchgears extrusions zincate Cu flash+ Cu 8+5 nonoxidized surface, solder- 
+Ag ability, corrosion resistance 
Intermediate-frequency die castings zincate Cuflash+Cu 13+13+ surface conductivity, solder- 
housings +Ag+Au 0.6 ability, corrosion resistance 
Microwave fittings die castings zincate Cu flash + Си 0.25 + 13 + smooth, nonoxidized inte- 
+ Ар+ Rh 0.5 rior, corrosion-resistant exte- 
rior 
General hardware 
Screws, nuts, bolts castings buff and Cd (оп threads) 13, 0.5 on corrosion resistance 
zincate threads 
Spray guns and compressors die castings buff and hard Cr 51 арреагапсе 
zincate 
Window and door hardware die castings barrel bumish brass 8 appearance, low cost 
and zincate 
Household 
Coffee maker sheet buff and Cr 5 appearance, cleanness, resis- 
zincate tance to food contamination 
Refrigerator handles, salad die castings buff and Cu+Ni+Cr 2.5 + 13 + appearance, cleanness, resis- 
makers, cream dispensers zincate 0.8 tance to food contamination 
Personal products 
Compacts, fountain pens sheet buff and Cu flash + 5 appearance, low cost 
zincate brass 
Jewelry sheet buff and brass + Au 8+0.25 appearance, low cost 
zincate 


10.5.3.9 Porcelain Enamels 


Porcelain enamel is a glass film fused onto 
the surface of the metal. The components of 
the enamel, a mixture of glass and inorganic 
pigment particles, or frit, are applied as a wa- 
ter suspension. The part and the mixture are 
heated to dry and fuse the frit. The frit must 
melt below 550 ?C, and its coefficient of ther- 
mal expansion must be close to that of the alu- 
minum substrate. 

Compositions of frits are complex, as illus- 
trated by three examples in Table 10.32 [11, p. 
511]. The lead-based enamels have high gloss 
and good weather resistance. The phosphate 


base has a lower melting temperature but is 
not as resistant to water. The barium enamels 
melt at higher temperature and have good re- 
sistance to chemicals. 


Aluminum alloys for porcelain enameling 
are limited by their melting range, chemical 
compatibility with the glass, and strength after 
firing. The commonly used alloys are 1100, 
3003, 6061, 443.0, and 356.0. Surface prepa- 
ration consists of (1) removing dirt, grease, 
and oil; (2) removing thickened, irregular ox- 
ide films; and (3) applying a conditioning 
film. 
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Table 10.32: Compositions of frits. 
Composition, % 


Constituent Lead Barium Phosphate 
enamel enamel enamel 

PbO 14-45 — -- 
SiO, 30-40 25 — 
Na,O 14-20 20 20 
K,O 7-12 25 

Li,O 2-4 = 4 
B,O, 1-2 15 8 
А0; — 3 23 
BaO 2-6 12 - 
Р,О, 2-4 -- 40 
Е -- - 5 
TiO, 15-20 * * 


а 7t09% added to frit during mill preparation of the enamel slip. 


10.6 Corrosion Resistance of 
Aluminum 


Corrosion literature deals with the theory 
and the many observations of the role of met- 
allurgical structure, environment, stress, and 
time (4, Chap. 7; 8, pp. 204-236]. Most of the 
effort has been pragmatic, and the information 
consists of systematic observations on the per- 
formance of a variety of alloys, tempers, and 
protective systems in natural and artificial en- 
vironments, 


The oxide that forms on aluminum is 
bonded strongly to the metal and reforms very 
rapidly after damage in most environments. 
Consequently the corrosion resistance of alu- 
minum is typically excellent, even though 
pure aluminum is more electropositive than all 
other structural metals except magnesium and 
probably beryllium. The stability region of the 
oxide is shown in a Pourbaix diagram of pH 
vs. potential (Figure 10.43) (38). Aluminum is 
protected by its oxide film, 1.е., it is passive, in 
the pH range 4-8.5. The exact range depends 
on the form of oxide, the rate at which the ox- 
ide dissolves in the electrolyte, and the tem- 
perature. Outside the passive range, in both 
acid and alkaline solutions, aluminum can cor- 
rode. However, in some cases, corrosion does 
not occur even outside the passive range if the 
oxide is not soluble in the electrolyte or if the 


Alloys 


oxide is maintained by a strongly oxidizing 
solution. 
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Figure 10.43: Pourbaix diagram for aluminum with an 
oxide film of hydrargilite (А1,О,:3Н,О) at 25°C, 


10.6.1 Pitting Corrosion 


Corrosion of aluminum in the passive re- 
gion is usually by pitting in the presence of ha- 
lides and oxygen. In this kind of environment, 
aluminum is easily polarized to its pitting po- 
tential; i.e., it develops an electrode potential 
that exceeds the pitting potential. In deaerated 
solutions this is not possible. In general, the 
pitting potentials of aluminum in solutions of 
most other salts are significantly more ca- 
thodic than they are in halides, and the pitting 
potential is not reached. 


10.6.2 Electrode Potentials 


Because many types of corrosion proceed 
by electrochemical mechanisms, the electrode 
potentials (or solution potentials) of the phases 
in aluminum alloys are important for under- 
standing corrosion. Electrode potentials are 
the potentials of the phases versus a reference 
electrode in a standard solution. Work by 
Brown and Mzans led to wide acceptance of 
the 0.1 N calomel electrode, an aqueous solu- 
tion containing 53 g NaCl + 3 g H,O, per liter, 
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and 25 °C for the study of aluminum alloys [1, 
p. 209]. The potentials for this solution are 
particularly useful because the behavior is 
similar to the behavior observed in marine and 
other saline environments. The potential val- 
ues given here are referred to the 0.1 N 
calomel electrode, although the saturated 
calomel electrode is now preferred as the ref- 
erence electrode. The saturated calomel elec- 
trode gives potentials that are 0.08 V more 
cathodic. 

Figure 10.44 shows the effects of the major 
alloying elements on the solution potential of 
solid-solution alloys. Table 10.33 gives the so- 
lution potentials of some casting alloys, Table 
10.34 some wrought alloys, and Table 10.35 
some second-phase constituents in aluminum 


alloys. 
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Figure 10.44: Effects of alloyiig elements on the elec- 
trode potential of aluminum. 

The type and amount of corrosion are re- 
lated to the electrode potentials of the phases 
in aluminum alloys. The second phases usu- 
ally have potentials that are significantly dif- 
terent from the aluminum matrix. The matrix 
can be either pure aluminum or solid solutions 
of.other elements and aluminum. When the 
second phase particles are anodic to the ma- 
trix, the particles can be dissolved from the 
surface of the metal. When the second phase is 
cathodic, second phase particles can acceler- 
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ate corrosion of the matrix adjacent to the par- 
ticles. Adjacent areas can also have different 
amounts of an element in solid solution, thus 
creating a significant anodic-cathodic rela- 
tionship. This is common iu some tempers of 
heat-treatable alloys. These metallurgical 
structure factors are often involved in local- 
ized, intergranular, exfoliation, and stress-cor- 
rosion cracking corrosion. 


Table 10.33: Electrode potentials of casting alloys. 


Pot Nominal 
Alloy Temper Type" tial ve composition, % 
, Cu Mg Si 
2080 Е 8 -0.77 40 39 
295.0 T4 S, P -0.70 45 1.1 
T6 S, P —0.71 
T62 S, P ~0.73 
296.0 Т4 S,P -0.71 4.5 2.5 
3080 F P -0.75 4.5 4.5 
3190 F S -0.81 3.5 6.0 
F P -0.76 
355.0 Т4 S, P -0,78 12 050 50 
T6 S, P --.79 
3560 TG S,P -0.82 032 370 
4430 Е 5 -0.83 5.2 
Е P -0.82 
5140 F 5 -0.87 40 
5200 T4 S,P -0.89 10.0 


а Sfor sand cast and P for permanent mold. 
b Versus 0.1 N calomel electrode. 


Table 10.34: Electrode potentials of wrought alloys. 


Alloy* Temper Potential, V* 
1060 All 0.84 
1100 АП -0.83 
2024 T3 —0.69* 
T4 0.69° 
T6 0.81 
T8 -0.82 
3003 All -0,83 
3004 All 0.84 
5050 All -0.84 
5456 АН -0.87 
6061 T4 -0.80 
T6 -0.83 
7005 T6 -0.94 
7072 All 0.96 
7075 T6 -0.831 
T73 -0.84? 
T76 -0.84* 


Nominal compositions shown in Tahle 10.18. 
Versus 0.1 N calomel electrode. 

Varies + 0.01 V with quenching rate. 

Varies + 0.02 V with quenching rate. 


aoc Te 
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Table 10.35: Electrode potentials of second-base constit- 
uents in aluminum alloys. 


Phase Potential, V* 
Si -0.26 
ALNi -0.52 
Al,Fe -0.56 
Al,Cu 0.73 
Al,Mn -0.85 
CuMgAl, -1.00 
MgZn, -1.05 
Al,Mg, -1.24 


а Versus 0.1 N calomel electrode. 


Table 10.36: Solution potentials of some nonaluminum 
base metals. 


Metal Potential, V* 
Magnesium -1.73 
Zinc -1.10 
Cadmium -0.82 
Mild carbon steel -0.58 
Lead -0.55 
Tin -0.49 
Copper 0.20 
Stainless steel (series 300, type 430) -0.09 
Nickel -0.07 
Chromium -0.40 to +0.18 


a Versus 0.1 N calomel electrode. 


Table 10.37: Combinations of alloys in Alclad products. 


Cladding alloy 
Core - EEE 
alloy* Alloy Nominal composition, 96 
no. Si Mn Mg Zn Cr 
2014 6003 0.7 1.2 
6053 0.7 12 0.25 
2024 1230 299.30 
2219 7072 1.0 
3003 7072 1.0 
3004 7072 1.0 
7013 1.3 1.8 
6061 7072 1.0 
7075 17072 1.0 
7008 10 50 0.18 
7011 0.20 13 48 012 
7178 7072 1.0 


a Nominal compositions shown in Table 10.18. 


Differences in electrode potentials be- 
tween two aluminum alloys or between an alu- 
minum alloy and another metal can also lead 
to galvanic corrosion. Table 10.36 gives elec- 
trode potentials for some other metals. A re- 
lated situation occurs when a cathodic metal 
precipitates on the aluminum surface during 
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corrosion, the cathodic metal (e.g., Cu, Hg, 
Pb) may enter the system from the environ- 
ment or the alloy. This is sometimes called 
deposition corrosion. 


However, potential differences can be used 
to advantage. Alclad products consist of a 
strong core alloy clad with alloy anodic to the 
core, usually by 0.08-0.10 V. Corrosion will 
penetrate the cladding but not enter the core; 
instead, corrosion proceeds laterally as the 
cladding is consumed. Table 10.37 lists alloy 
pairs used in Alclad products. 


10.6.3 Crevice Corrosion 


A concentration cell may be set up if there 
is an electrolyte between two aluminum fay- 
ing surfaces, or between an aluminum surface 
and a nonaluminum surface, and one region of 
the electrolyte is oxygen-depleted relative to 
the region that is adjacent to the atmosphere. 
This may occur between the faying surfaces in 
a joint or in a stack or coil of aluminum sheet. 
The oxygen-depleted area is anodic and corro- 
sion may occur there. 


10.6.4 Intergranular Corrosion 
and Stress-Corrosion Cracking 


In some environments and under some met- 
allurgical conditions, aluminum alloys are 
susceptible to intergranular attack. If the al- 
loy-temper is not susceptible to stress-corro- 
sion cracking, then intergranular corrosion 
tends to decrease in time, and its effect on 
strength for a given depth of attack is about the 
same as pitting corrosion. For stress-corrosion 
cracking (SCC) to proceed, four conditions 
must be met: (1) a metallurgical structure sus- 
ceptible to SCC, (2) an environment that can 
cause SCC, (3) a sustained tensile stress, and 
(4) time. Only the alloys containing large 
amounts of soluble elements, e.g., copper, 
magnesium, silicon, and zinc, are susceptible. 
For most of the commercial alloys, SCC-resis- 
tance tempers have been developed, and effec- 
tive protection systems have also been 
developed. 
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The electrochemical theory of SCC devel- 
oped about 1940 dealt with SCC on the basis 
of continuous areas of anodic material in or 
along the grain boundaries [39]. These anodic 
areas are precipitates of an anodic phase in the 
grain boundary or anodic solid-solution zones 
adjacent to the grain boundary. In the Al-Cu 
alloys the solute-depleted zones are most an- 
odic. In the Al-Mg alloys the precipitate 
Al,Mg, is the most anodic. The theory is now 
seen to be incomplete or inadequate and work 
continues, especially on the possibility of hy- 
drogen playing a significant role [40]. 

Recently a most promising elastic-plastic 
fracture mechanics model was developed. It 
deals with stress-corrosion cracking damage 
and the strength and toughness of the material 
[41]. 


10.6.5 Exfoliation Corrosion 


Exfoliation corrosion, also known as lamel- 
lar layer or stratified corrosion, proceeds 
along paths approximately parallel to the sur- 
face. The corrosion product is voluminous, 
causing delamination and swelling. It is usu- 
ally associated with a metallurgical structure 
consisting of long, flat grains and probably re- 
sults from aligned intergranular or subgrain- 
boundary precipitates or from layers of 
slightly different composition. Metallurgical 
practices to prevent or minimize these suscep- 
tible structures have been developed. 


10.6.6 Ratings for Resistance to 
Corrosion 


From the vast amount of detailed informa- 
tion available, ratings of resistance to ordinary 
corrosion and to stress-corrosion cracking 
have been compiled for a number of alloy- 
tempers (Tables 10.14, 10.15, and 10.20, also 
see [8]). These ratings are useful, but the se- 
lection of the optimum alloy-temper—product 
for a particular application is many faceted 
and requires expertise. 

The rating system for resistance to stress- 
corrosion cracking has been expanded to ac- 
knowledge that susceptibility depends not 
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only on alloy-temper but also on product form 
and the direction of sustained stress with re- 
spect to the metallurgical grain structure. Gen- 
erally, susceptibility is lowest when the stress 
is longitudinal, i.e., parallel to the major direc- 
tion of metal flow. Susceptibility can be higher 
when stress is normal to the major flow and 
parallel to the minor flow (long transverse). 
Susceptibility is highest when the stress direc- 
tion is normal to both major and minor flows 
(short transverse) [8, pp. 213-2141. 


10.6.7 Corrosion Prevention 


Methods of preventing corrosion are well 
developed [4, Chap. 7]. The alloy-temper 
should be selected for suitability in the service 
environment. Corrosion risks should be mini- 
mized by proper design of the part and the 
equipment in which it serves. Suitable protec- 
tive finishes, e.g., conversion coatings, anod- 
ized film, organic paints, and films, should be 
chosen. In some cases cathodic protection can 
be used. 


10.7 Major Markets 


By far the greatest part of aluminum ship- 
ments is in the form of aluminum alloys, and 
production of primary aluminum and con- 
sumption of aluminum are the best indicators 
of the importance of aluminum alloys. 


World production of primary aluminum is 
summarized in Table 10.38, which shows av- 
erage annual production for two five-year pe- 
riods. In the interval between these periods, 
production increased in almost every country: 
the world increase exceeded 280%. In the lat- 
est period, the United States was the largest 
producer, with about 30% of the world total, 
followed by the former Soviet Union (12%), 
Canada (7%), Japan (6%), and West Germany 
(5%). 

Per capita consumption of aluminum in se- 
lected countries is summarized in Table 10.39, 
which shows average annual per capita con- 
sumption for two five-year periods. Where 
data are available for both periods, consump- 


[25, 42] 
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tion increased 1.3-7.0 times. For the latest pe- 
riod, the United States had the highest 
consumption, followed by Norway, West Ger- 
many, Japan, and Australia. 


Table 10.38: Average annual world primary aluminum 
production in kilotons. 


Country 1978-1982 1960-1964 
Argentina 116 -- 
Australia 316 33 
Austria 93 73 
Bahrain 135 -- 
Brazil 248 20 
Cameroon 42 50 
Canada 1034 667 
China* 365 96 
Czechoslovakia" 37 53 
Egypt 116 — 
West Germany 732 189 
France 409 285 
East Germany" 61 48 
Ghana 166 -- 
Greece 145 -- 
Нипрагу 73 53 
Iceland 74 — 
India 206 37 
Iran 12 — 
Italy 270 91 
Japan 856 190 
North Korea* 10 — 
South Korea 19 — 
Mexico 43 — 
Netherlands 260 — 
New Zealand 156 — 
Norway 644 206 
Poland* 80 43 
Romania" 226 — 
South Africa 85 — 
Spain 324 4l 
Suriname 52 — 
Sweden 82 19 
Switzerland 83 51 
Turkey 35 — 
Taiwan 42 12 
United Kingdom 332 32 
United States 4266 1978 
USSR" 1771 801 
Venezuela 237 — 
Yugoslavia 177 30 


a Estimated by the U.S. Bureau of Mines, Dept. of the Interior. 
b includes secondary unalloyed ingot. 
c Includes primary alloyed ingot. 


The major markets for aluminum products 
are shown in terms of use by major industries 
in the United States in Table 10.40. To elimi- 
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nate duplication, the figures exclude intra-in- 
dustry shipments for further fabrication. The 
weight shipped to the containers and packag- 
ing industry increased almost eightfold be- 
tween the two periods, compared with 
increases of 1.5-2 for other industries. This is 
a striking shift in market distribution: contain- 
ers and packaging moved from 7% to 24% of 
the market and is now the major market for 
aluminum products. This rapid growth reflects 
the growth of the metal-can market, with alu- 
minum capturing an ever-increasing share of 
that market. The impressive growth in ship- 
ments of aluminum sheet for cans is shown in 
Figure 10.45. 


Table 10.39: Average annual per capita aluminum con- 
sumption (kg per person) in selected countries. 


Country 1978-1982 1960-1964 
Argentina 2.4 — 
Australia 17.0 5.5 
Austria 1.5 — 
Bahrain 79 E 
Belgium 8.7 3.4 
Brazil 2.7 0.6 
Cameroon 2.0 -- 
Салада 15.9 6.6 
Бептагк 14.5 -- 
El Salvador 0.3 — 
Finland 7.4 — 
West Germany 20.7 7.4 
France 12.4 5.2 
Greece 7.1 -- 
Iceland 9.9 2.5 
Ireland 4.4 -- 
Italy 12.7 3.4 
Japan 19.5 2.8 
Mexico 2.4 — 
Netherlands 11.0 2.7 
New Zealand 8.1 — 
Norway 21.8 6.7 
Panama 0.9 0.3 
Philippines 0.5 — 
Saudi Arabia 8.7 — 
Singapore 9.4 — 
South Africa 3.6 — 
Spain 5.6 1.3 
Sweden 16.0 6.9 
Switzerland 15.1 8.6 
Taiwan 6.3 0.7 
Turkey L1 — 
United Kingdom 10.1 7.8 
United States 26.9 13.8 


Venezuela 5.8 1.2 
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Table 10.40: Average annual net shipments by major markets in the United States. 
ша Average annual net shipments, kt Market distribution, % 
many 1978-1982 1960-1964 1978-1982 1960-1964 
Containers and packaging 1522 192 24.3 73 
Building and construction 1241 666 19.8 25.3 
Transportation 1115 549 17.8 20.8 
Electrical 627 305 10.0 11.6 
Consumer durables 436 284 6.9 10.8 
Machinery and equipment 387 190 6.2 7.2 
Other 277 229 4.4 8.7 
Statistical adjustment 65 -- 1.0 - 
Domestic total 5670 2415 90.4 81.9 
Exports 601 218 9.6 9.2 
Total 6271 2633 100.0 100.9 
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11.1 Introduction 


The main aim of adding alloying elements 
to titanium is to improve its mechanical prop- 
erties. The most important of these alloys are 
listed in Table 11.1. 

Corrosion resistance may be increased by 
addition of 0.15% Pd and traces of Ni and Mo. 
Titanium master alloys are discussed in Sec- 
tion 11.3. 


11.1.1 a-,(a + B)-, and B-Alloys 


The transformation temperature of titanium 
from the æ- to the B-phase can be raised ог 
lowered by adding alloying elements which 
can stabilize the о- or B-phase. Oxygen, nitro- 
gen, and carbon, which form interstitial mixed 
crystals, and aluminum, which dissolves as a 
substitution mixed crystal, stabilize the a- 
phase. Elements that stabilize the B-phase in- 
clude hydrogen, which forms an interstitial 
mixed crystal, the alloying elements vanadium 


and molybdenum, and iron, chromium, cop- 
per, palladium, and silicon, while zirconium 
and tin are highly soluble in both phases. 


The alloys are classified as a-~, (a + B)-, and 
B-titanium alloys according to the phases 
present in the annealed state at room tempera- 
ture, 


As the cubic structure of B-titanium con- 
tains considerably more slip planes than the 
hexagonal a-form, ß-titanium is more easily 
deformed. The alloys in the B- and (о + B)-re- 
gions are therefore hot formed. B-Alloys and 
some (a + ß)-alloys contain, in addition to 
molybdenum or vanadium, additives whose В- 
phase at temperatures in the range between < 
550 °C and up to a maximum of 860 °C un- 
dergo eutectoid decomposition into the a- 
phase and an intermetallic compound. This 
process is usually associated with embrittle- 
ment and reduces thermal stability and must 
be avoided during production and processing. 


Table 11.1: Composition and strength properties of commercial titanium alloys at room temperature (minimum values). 


а Allo Tensile 0.2% Yield Density, Modulus of J ; 
Alloy уре. strength, MPa strength, MPa g/cm? elasticity, GPa Mam requirement 

Ti SAI 2.5Sn a 830 780 4.48 110 high strength 

Ті бА! 2Sn 4Zr 2MoSi neara 900 830 4.54 114 high temperature strength 
Ti 6Al 5Zr 0.5MoSi neara 950 880 4.45 125 high temperature strength 
Ti 5.8Al 45п 3.5Zr 0.7Nb neara 1030 910 4.55 120 high temperature strength 
0.5Mo 0.281 0.05C 

Ti 6Al 4V a+ß 900 830 4.43 114 high strength 

Ti 4Al 4Mo 2Sn a+ß 1100 960 460 114 high strength 

Ti 6А16% 28n a+ß 1030 970 4.54 116 high strength 

Ti 10V 2Fe 3Al near Bp 1250 1100 4.65 103 high strength 

Ti 15V 3Cr 38n 3Al В 1000 965 476 103 high strength 

Ti3Al8V 6Cr 4Zr4Mo B 1170 1100 4.82 103 high corrosion resistance 
Ti 15Mo 3Nb 3AISi В 1030 965 4.94 96 high corrosion resistance 


a Figure before chemical symbol denotes %. 
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Table 11.2: Eutectoid temperature and critical alloy con- 
tent oftitanium binary alloys (concentrations in %). 


Eutectoid com- Eutectoidtem- Critical alloy 


position perature, °C content 

Mn 17 550 6.4 
Fe 17 595 3.5 
Cr 15 670 6.3 
Co 9.5 685 70 
Мі 6.2 765 9.0 
Cu 7 790 13.0 
Si 0.65 865 

у 14.9 
Мо 11.0 
Nb 36.7 
Ta 45.0 


The critical alloying content of B-stabiliz- 
ing elements in two-component alloys in 
which the ß-phase is preserved on quenching 
to room temperature and the eutectoid data for 
alloys showing eutectoid decomposition are 
listed in Table 11.2. Also, many two- and 
multi-component phase diagrams can be 
found in [5]. 


The equilibrium state is established very 
slowly for many alloy systems at lower tem- 
peratures. For systems showing eutectoid de- 
composition of the f-phase, the process 
proceeds more slowly at lower temperatures 
and with higher alloy contents of the eutec- 
toid. This is especially noticeable in multi- 
component alloys [6]. 


Hardening of titanium alloys can be carried 
out in various ways: An intermetallic com- 
pound can be precipitated from the a-phase by 
quenching and annealing (e.g., with Ti-Cu al- 
loys). In alloys with ß-stabilizing alloying ele- 
ments, the supercooled metastable ß-phase 
can be formed in addition to the a-phase by 
solution annealing, quenching, and aging. On 
aging, the former is transformed via an inter- 
mediate w-phase into the a-phase and to f- 
phase stabilized by enrichment of the alloying 
elements. Both these processes are used in in- 
dustry to improve the mechanical properties of 
titanium alloys. 


Mechanical Properties. The strength proper- 
ties of the most important titanium alloys are 
listed in Table 11.1. 
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The a-alloys, which have a strength range 
of 830-1030 MPa, are used as forging alloys, 
and also in the production of sheet metal be- 
cause of their good welding properties. Ti SA] 
2.5Sn has good high-temperature tensile 
strength. The near a-alloys are members of 
the group of high-temperature titanium alloys, 
used in aircraft engines. 

The (a + B)-alloys include the most com- 
mon titanium alloy Ti 6Al 4V. Its strength of 
900 MPa in the annealed state can be in- 
creased by ca. 200 MPa by hardening. 
Strengths exceeding 1000 MPa with better 
through hardenability can be obtained with the 
alloys Ti 6Al 6V 2Sn and Ti 4Al 4Mo 25n. 

8-АПоув with a strength of 1000-1200 
MPa in the annealed state include Ti 15V 3Cr 
3Sn 3Al, Ti 3A1 8V 6Cr 4Zr 4Mo and Ti 15Mo 
3Nb 3AISi. These are mainly used as sheet al- 
loys in aircraft construction [7]. 

The through hardening properties of the al- 
loys Ti 6А1 6V 2Sn and Ті 4А! 4Mo 25п are 
superior to those of the usual commercial tita- 
nium alloys. These alloys are also preferable 
to Ti 13V 11Cr3Al, as they have better figures 
at > 100 mm, the latter alloy tending to have a 
coarse-grained structure and poor toughness 
properties. 

The fatigue strength of titanium alloys de- 
pends on the section of the semifinished prod- 
uct and its structure. In the unnotched state, it 
is 30-50% of the tensile strength, and in the 
notched state 30%. The fracture toughness of 
metal with a Widmannstätten structure 
reaches higher values than that of metal with a 
polygonal structure [8]. 

The rate of decrease of high-temperature 
tensile strength of alloys with increasing tem- 
perature up to ca. 250 °C is lower than that of 
commercially pure titanium, and the creep 
strength figures are higher. 

The ratio yield point is > 90%. As the elon- 
gation without necking is small, these materi- 
als are usually hot formed. Solution annealing 
and stabilization give improved properties, 
e.g., increased thermal stability and improved 
creep properties. 

In Germany, materials standards for tita- 
nium and titanium alloys are given in a num- 
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ber of DIN standards, materials performance 
sheets (Werkstoffleistungsblätter, WL), and 
AECMA/SEN standards. In France, this infor- 
mation is provided by AFNOR (Association 
frangaise de normalisation) and NORME AIR 
of the Ministere de la Defense, in the United 
Kingdom by the British Standards Institution 
(BSI) and the DTD of the Ministry of De- 
fence, and in the United States by ASTM, 
ASME, AMS, and MIL of the Air Force Mate- 
rials Laboratory. 


Physical Properties. In the commercial о- 
and (a + p)-titanium alloys, the density at 
25 °C is in the range 4.37-4.56 g/cm’. In B-ti- 
tanium alloys, values of 4.94 g/cm? are 
reached. Moduli of elasticity and rigidity in- 
crease with increasing content of interstitial 
elements and aluminum, and with annealing 
temperature [9]. With additions of B-stabiliz- 
ing additives, they decrease in comparison 
with pure titanium, as hardening increases [2]. 
With both pure titanium and commercial tita- 
nium alloys they decrease with increasing 
temperature [1]. At 25 °C titanium alloys usu- 
ally have electrical resistivities of ca. 150 x 
1075 Ост. The linear coefficient of expansion 
at 25 °C for a- and (a + B)-titanium alloys is 
ca. 9.5 x 10°K7. The specific heat capacity is 
similar to that of titanium, and is somewhat 
higher for (a + B)-titanium alloys. The ther- 
mal conductivity is only half that of titanium. 


Chemical Resistance. Additions of noble 
metals and other metals such as molybdenum, 
zirconium, hafnium, nickel, tantalum, or nio- 
bium improve the anticorrosion properties of 
titanium, while additions of iron, chromium, 
and aluminum, like high levels of oxygen, ni- 
trogen, and hydrogen, reduce corrosion resis- 
tance [3]. 

The corrosion behavior of commercial tita- 
nium alloys is very similar to that of the com- 
mercially pure metal. Unlike titanium 
containing 0.15% Pd, alloys containing 2% Ni 
or 15-30% Mo [10] have not achieved indus- 
trial importance, in spite of their superior cor- 
rosion resistance under reducing conditions. 
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With increasing aluminum content, the sus- 
ceptibility of titanium alloys to stress corro- 
sion cracking at > 200 °C increases [11]. 


11.1.2 Highly Alloyed Titanium 


Intermetallic Ti-Al Alloys. Three intermetal- 
lic titanium aluminides are known: Ti,Al, 
TiAl, and TiAl, (Figure 11.1). In particular, 
the phases a,-Ti,Al (hexagonal) and y-TiAl 
(tetragonal) exhibit low density and good 
high-temperature strength and were therefore 
chosen for development of construction mate- 
rials. The main aims are increasing the room- 
temperature ductility of these brittle phases 
and improving the corrosion resistance in the 
temperature range 500—900 ?C [13, 14]. 


The a,-Ti,Al alloys were developed in the 
United States and first used commercially in 
the 1990s. They mainly replace conventional 
titanium alloys, allowing applications above 
500 °C. The ductility is increased by alloying 
with 8-18% Nb. Other possible alloying ele- 
ments are Mo, V, Ta, and Ni. In addition to 
Ti,Al, the phases В-№МАІ (cubic) and TL, AINb 
can also be present [15]. Characteristic data of 
&,-TizAl сап be found in [16]. «,-Ti,Al is pro- 
duced by melting in vacuum arc furnaces. 


y-TiAl alloys have been under development 
for around ten years and are now on the brink 
of commercial application. They can be used 
up to 850?C, and with their density of 3.9 
g/cm?, they could potentially replace nickel 
superalloys in aircraft and turbines [17, 18]. 
Another potential application is as a valve ma- 
terial for combustion engines [19]. y-TiAl al- 
loys consist of two phases: y-TiAl (tetragonal 
face-centered Ll, structure) and a small 
amount of o;-Ti,Al (hexagonal ОО, struc- 
ture) [20]. The aluminum content 15 45-48% 
Cr. H, Mn, and V are added to increase the 
room-temperature ductility, while Nb, Ta, Mo, 
and W improve the high-temperature creep re- 
sistance and corrosion resistance. Si, B, and C 
can be used as grain refiners. The total content 
of alloying elements is usually in the range 2- 
7% [20]. 
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Temperature, ОС ——* 


Figure 11.1: Ti-Al phase diagram [12]. 
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Table 11.3: Properties of titanium aluminides, titanium-base conventional alloys, and nickel-base superalloys (from 
ASM Handbook, 10th ed., vol. 2, ASM International, Metals Park, OH, 1990, p. 226). 


Property Conventional titanium alloys Ті,А1 TiAl Nickel-base superalloys 
Density, g/cm? 4.5 41-47 3.7-3.9 83 
Modulus, GPa 96-117 100-145 160-176 206 
Yield strength, MPa 380-1150 700-990 400-450 
Tensile strength, MPa 480-1200 800-1140 450-800 
Creep limit, °C 600 760 1000 1090 
Oxidation limit, °C 600 650 900 1090 
Ductility, % 
at room temperature 20 2-10 1-4 3-5 
at high temperature high 10-20 10-60 10-20 


Two-phase y-TiAl materials can be pro- 
duced by powder metallurgy [21] or by melt- 
ing in vacuum arc furnaces. 

Table 11.3 compares the properties of tita- 
nium aluminides with those of conventional ti- 
tanium alloys and nickel superalloys [22]. 


Shape-Memory Alloys. Ti-Ni alloys contain- 
ing ca. 50 atom% Ni exhibit an austenite-mar- 
tensite transformation at а definite 
temperature. Depending on the type of activa- 
tion used (working at a certain temperature), 
either a shape-memory effect is obtained, or 
superelasticity [23]. 


Superconductors. Ti-Nb alloys containing 
ca. 50 atom% Nb are low-temperature super- 
conductors with good ductility, high critical 


field strength, and high critical current. Wires 
of ca. 5 um diameter can readily be made into 
coils [24]. 


Metal-Matrix Composites. The tensile 
strength, especially at high temperatures, of ti- 
tanium alloys can be increased by strengthen- 
ing the metal matrix with fibers such as SiC 
(251. 


Hydrogen Storage. Titanium alloys with high 
contents of Fe, Cr, Mn, and V can take up 
large amounts of hydrogen, which is released 
under certain conditions of temperature and 
pressure. They can therefore be used for hy- 
drogen storage, as in gas purification, and for 
vacuum generation [26]. 
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11.22 Uses and Economic 
Aspects 


Chemical Industry. In chemical plant, com- 
mercially pure and palladium-containing tita- 
nium lead to increased lifetime, reduced 
maintenance, and reduced iron contamination 
of products. Important applications include 
petrochemicals and the production and han- 
dling of, e.g., acetic acid, propionic acid, nitric 
acid, and chlorine gas. Titanium is used in all 
types of chemical equipment, including pres- 
surized reactors. The temperature limit for 
equipment constructed of pure titanium is usu- 
ally 250°C, for titanium-clad equipment 
200 °C, and for titanium-plated equipment ca. 
500 °C. 

In the food industry, cooking equipment, 
stirring devices, and containers are соп- 
structed of titanium because of its resistance to 
a wide range of organic acids. In the cellulose, 
paper, and textile industries, titanium is im- 
portant because of its resistance to hypochlo- 
rite, chlorite, and chlorine dioxide. In deep-sea 
research, seawater desalination, and closed- 
loop cooling water systems in power stations, 
the good resistance toward salt water even at 
high flow rates and at temperatures up to 
165 °C (e.g., in tube and plate heat exchang- 
ers) is utilized. In electrolysis technology and 
surface finishing, commercially pure grades of 
titanium, especially the softer grades 3.7025 
(Grade 1) and 3.7035 (Grade 2), are used for a 
wide range of components including anodes 
(sometimes platinum-coated and cathodes [4, 
27]. Offshore and onshore drilling represent a 
growing demand for titanium. 


Aerospace. The largest consumer of titanium 
alloys is the aircraft industry, in which the 
nonmilitary share continues to increase. In air- 
craft engines, the current limit for weight sav- 
ing by the use of titanium lies at Mach 3.5 and 
ca. 530 °C. In subsonic engines, the titanium 
content is 20-35%, and the weight saving 
achieved is up to 22% [28]. 

In airframes, temperatures of 300°C are 
seldom exceeded. With increasing flying 


217 


speed, the weight saving achievable by the use 
of titanium can reach ca. 17%. In civilian 
wide-body jets, the proportion of titanium- 
based materials in the body of the aircraft can 
reach 8%, and in military supersonic aircraft 
25% or more. Unalloyed grades of titanium 
are used for lightly stressed components, and 
alloys for highly stressed components. 


Other Applications. Applications in the auto- 
motive industry include components of high- 
performance engines and undercarriage made 
of titanium alloys [29]. Pure titanium is used 
as a getter in electronic tubes used in the mea- 
surement, control, and electrical technologies, 
X-ray amplifiers, television cameras and 
transmitter tubes, and in sonar detectors and 
gyrocompasses. In medicine, endoprostheses, 
jaw implants, pins for fixing broken bones, 
plates, heart pacemaker capsules, and surgical 
instruments are manufactured from titanium 
and the alloy Ti GA] 4V because of their com- 
patibility with human tissue. Applications in 
precision engineering and optics include 
sonotrodes, rotors for ultracentrifuges, specta- 
cle frames, watches, golf clubs, and film-de- 
veloping equipment. Titanium has so far not 
been widely used in steam turbines, although 
it is suitable. The same applies to its use in un- 
derwater exploration and submarine construc- 
tion. 


Table 11.4: Production capacities for titanium sponge and 
melting capacities in 1994. 


Capacity, t/a 


Country Sponge Ingots 
United States 19 500 57 700 
Japan 25 000 22 400 
Europe 9 500 
CIS 65 000 110 000 
China 3 000 3 000 
Total 113 300 202 600 


Econemic Aspects. At present, titanium 
sponge is produced in the United States, Ja- 
pan, Russia, Kazakhstan, China, and India. 
World production capacity for titanium 
sponge in 1994 was 113 3001. An overview of 
the producing countries and existing capaci- 
ties for sponge and ingot production is given 
in Table 11.4. Ingot production capacity in 
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Western Europe, the United States, and Japan 
reached ca. 85 000 t in 1994. 

Worldwide consumption of titanium semi- 
finished products in 1994 was ca. 45 000 t. 
European demand in 1994 was ca. 10 000 t, 
expected to reach 13 300 t in the year 2000. 


11.3 Titanium Master Alloys 


11.3.1 Titanium-Aluminum 


The alloys listed in Table 11.5, used as mas- 
ter alloys for alloying aluminum with titanium 
and as grain-refining agents, are standardized 
in DIN 1725. The master alloys containing 5- 
1096 Ti (Known in the United Kingdom as tita- 
nium-aluminum intermediate hardeners) are 
produced by melting aluminum and titanium 
scrap or sponge in crucible or drum furnaces 
heated by gas or oil, or in induction furnaces. 
They are cast into pigs, or grooved ingots or 
plates, and are marketed in these forms. 

The alloy V-AITi 5 Bl, which is used for 
grain refining aluminum, contains titanium 
boride (TiB,) in the form of a very fine precip- 
itate which acts as seed crystals [30]. The al- 
loy is also supplied as wire for continuous 
grain refinement. It is produced by adding po- 
tassium titanium fluoride and potassium 
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borofluoride to a bath of molten aluminum in 
an induction furnace. 


Titanium-aluminum containing 50-60% 
titanium can also be produced by the alumino- 
thermic reaction of rutile with aluminum pow- 
der with addition of boosters such as 
peroxides or chlorates, or by the electro-alu- 
minothermic method in an are furnace. Today, 
these high-titanium alloys, which are mainly 
used in powder form as components of weld- 
ing wire coatings, are also produced by melt- 
ing together aluminum and titanium in an 
induction furnace. 


11.3.2 Other Master Alloys 


Special master alloys such as copper-tita- 
nium (26-35% Ti) and nickel-titanium (25- 
70% Ti) are produced by melting titanium 
sponge or titanium scrap with copper or 
nickel. These master alloys are used as addi- 
tives (0.1-1.5% Ti) to copper, nickel, and 
monel metal to grain refine the structure, im- 
prove the casting and welding properties, and 
increase the transverse strength and elasticity. 
A small addition of titanium (0.15-0.25%) to 
zine alloys containing up to 1.5% Cu in- 
creases the yield strength and fatigue strength 


[31]. 


Table 11.5: Titanium-aluminum alloys according to DIN 1725, Sheet 3. 


Alloy grade Alloy number 


Composition, % 


Alloy constituents 
V-AITi 5 3.0851 Ті 4.5-6.0 


Applications 
Other permitted constituents PR 


Cr 0.10 Si 0.50 alloying with Ti grain 


Alto 100 


V-AITi 10 3.0881 Ti 9.0-11.0 
Al to 100 


V-AITi 5 Bi 3.0861 Ti 5.0-6.2 
B0.9-1.4 
Alto 100 


Cu 0.15 Sn 0.10 refinement 

Fe 0.45 У 0.25 

Mg 0.50 Zn 0.15 

Mn 0.35 others: each 0.05, 

Ni 0.10 total 0.15 

Pb 0.10 

Cr 0.02 Ni 0.04 alloying with Ti grain 
Cu 0.02 510.20 refinement 

Fe 0.30 V 0.30 

Mg 0.02 others: each 0.05, 

Mn 0.02 total 0.15 

Cr 0.02 $10.20 grain refinement 
Cu 0.02 V 6.20 

Fe 0.30 Zn 0.03 

Mg 0.02 Zr 0.02 

Mn 0.02 others: each 0.05, 


Ni 0.04 total 0.10 
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The high coercive field strength and low re- 
manence of AINiCo permanent magnets are 
due to the addition of 0.5-8% titanium in the 
form of AlTi of CoAITi master alloys. 


Multicomponent, NiTi-based alloys are 
employed in powder metallurgy for manufac- 
turing structural materials. 
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12.1 Gold 


12.1.1 Introduction [1-18] 

Gold forms alloys with many metals and 
metalloids. The most important alloys are 
composed of elements from the same group in 
the periodic table (Ag, Cu) and from the 
neighboring groups (Ni, Pd, Pt, less often Zn, 
Cd, Hg). The most frequently used elements, 
i.e., Ag, Cu, Ni, Pd, and Pt crystallize like gold 
with face-centered cubic unit cells, and coor- 
dination number 12. Thus, they readily form 
continuous solid solutions with gold, espe- 
cially as their metallic atomic radii (Au 144.2 
pm; Ag 144.5 pm; Cu 127.8 pm; Ni 124.6 pm; 
Pd 137.6 pm; Pt 137.3 pm) in certain cases are 
very similar. Zinc, cadmium, and mercury 
have metallic atomic radii of 133.5 pm, 148.9 
pm and 150.3 pm, respectively. These metals 
all have hexagonal unit cells, which renders 
the formation of alloys with gold more com- 
plex. 

The practical uses of gold alloys and of fine 
gold are mainly determined by their color, 
hardness, corrosion resistance, melting point, 
and relative value. The degree of hardness can 
be controlled by heat treatment. The melting 
point plays a significant role during manufac- 
ture and processing. 

For centuries, the color (Figure 12.1), hard- 
ness (Figure 12.2), and corrosion resistance 


(Figure 12.3) of gold were modified by varia- 
tions in the Au-Ag-Cu system. When white 
gold, with its resemblance to platinum, be- 
came fashionable at the beginning of this cen- 
tury, Ni and Pd were added; these were soon 
followed by Zn, and later by platinum. The 
gold alloys used for modern dental materials 
are complex because they must have specific 
properties. 


12.1.2 Binary Alloys [4, 13-17] 


The phase diagrams of some important bi- 
nary gold alloys are shown in Figure 12.4. The 
most frequently used binary alloys of gold are: 


Ag 20 40 60 80 Cu 
Copper, wt ---- 


Figure 12.1: Gradation of color of gold-silver-copper al- 
loys. 
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Au 
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Figure 12.2: Brinell hardness of annealed and quenched 
gold-silver-copper alloys. 


Ag 20 40 60 80 Cu 


Figure 12.3: Corrosion resistance of gold-silver-copper 
alloys: a) Alloys are tarnish resistant and resist all acids 
except hydrochloric acid in the presence of an oxidizing 
agent; b) Acids may dissolve out copper and silver from 
the surface of the alloy; c) Alloys tarnish and are attacked 
by acids. 


Gold-Silver. Gold forms a continuous series 
of mixed crystals with silver, without any tran- 
sition or separation in the solid state. 


Gold-Copper. Gold copper alloys solidify as 
a continuous series of mixed crystals, with a 
melting point minimum at 910 °C and ca. 
20% copper Below 400 °C, the ordered 
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phases Cu,Au, CuAu, and CuAu, appear in 
the solid state. 


Gold-Nickel. This continuous series of mixed 
crystals, with a melting point minimum at 
950 °C and ca. 18% nickel, decomposes at 
temperatures below 800 °C into gold-rich and 
nickel-rich mixed crystals. 


Gold-Palladium. With palladium, gold forms 
a continuous series of mixed crystals, without 
any phase separation in the solid state. 


Gold-Platinum. Gold mixes with platinum in 
all proportions. Unlike the narrow melting 
range in gold palladium alloys, most gold- 
platinum alloys solidify within a very broad 
temperature range. In the solid state, a misci- 
bility gap develops, which approaches the 
solidus curve in the middle of the phase dia- 
gram. 


Gold-Zinc. With zinc, gold forms mixed 
crystals to a limited extent. The phase diagram 
for this system is very complex, and shows a 
large number of intermetallic phases and tran- 
sitions in the solid state. 


Gold-Cadmium. The characteristics of this 
system are very similar to those of gold-zinc. 


Gold-Mercury. Up to a gold content of ca. 
10%, these alloys are liquid at room tempera- 
ture. For higher gold contents, many interme- 
tallic compounds occur. Room temperature is 
usually sufficient for the formation of gold 
amalgams, which are still used in the recovery 
of gold. 

The phase diagrams for most of the remain- 
ing systems, including those which are not 
used in industry, have also been thoroughly in- 
vestigated. 


12.1.3 Ternary Alloys [18] 


The ternary alloys of gold are industrially 
More important than the binary alloys and 
have been thoroughly investigated and docu- 
mented. 
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Figure 12.4: Phase diagrams of binary gold alloys (upper abscissas in wt%, lower abscissas іп аіот%). 
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Figure 12.6: Isothermal sections through the miscibility 
gap of the Au-Ag-Cu system. 


Gold-Silver-Copper. Figure 12.5 shows the 
liquidus, and Figure 12.6 shows isothermal 


sections through the miscibility gap of the 
gold-silver-copper system. The melting sur- 
face is characterized by a gutter starting from 
the silver copper eutectic and continuing in the 
direction of the melting point minimum of ће 
gold-copper system. As the temperature de- 
creases, the miscibility gap at the silver-cop- 
per binary edge broadens out considerably 
towards the gold comer. Shortly after solidifi- 
cation, the heterogeneous phase only extends 
to alloys containing slightly more than 40% 
gold; at 400 °C, it includes alloys with 75% 
gold. 


The miscibility gap covers a large part of 
the gold-silver-copper system, and its extent 
is strongly dependent on the temperature. This 
is of great significance in the processing and 
application of gold alloys, and is the main rea- 
son why age-hardening is possible. 

Figure 12.7 shows a section through the 
phase diagram of the gold-silver-copper sys- 
tem, running from the gold comer to the mid- 
dle of the silver copper edge. As the 
temperature decreases, the regions in which 
mixed crystals and melt occur are followed by 
regions in which gold-rich a mixed crystals, 
and the two mixed crystals œ (silver-rich) and 
о, (copper-rich) coexist. The saturation line of 
the a mixed crystal, which separates the two 
regions from each other, is highly temperature 
dependent. At 750 °C, the a mixed crystal can 
dissolve ca. 50% silver and copper (in approx- 
imately the ratio 1:1); at ca. 300 °C, it can 
only take up about 10% silver and 10% cop- 
per. An alloy with 70% gold, which at high 
temperatures consists only of а mixed crys- 
tals, reaches the saturation line during cooling 
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at ca. 480 °C. With further cooling, it splits 
into the а, and а, mixed crystals. At temper- 
ing temperatures below 480°C, the alloy 
therefore age-hardens. 
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Figure 12.7: Section through the Au-Ag-Cu phase dia- 
gram running from the Au comer to the middle of the Ag- 
Cu edge. 


Figure 12.8 shows a section through the ter- 
nary system parallel to the silver-copper bi- 
nary edge with a constant gold content of 
70%. The extensive region of the a mixed 
crystals adjoins the miscibility gap which ends 
just below 500 ?C. In the miscibility gap re- 
gion, the a, mixed crystal, which has a rela- 
tively high silver content, and the a, mixed 
crystal, which has a relatively high copper 
content, coexist. 


Gold-Nickel-Copper. Figure 12.9 shows the 
liquidus isotherm of the gold nickel copper 
system, which produces white alloys over 
broad areas. Below 800 °C in the gold-nickel 
system (Figure 12.4), a miscibility gap 
stretches far into the ternary system, as the 
temperature falls, in the direction of the cop- 
per corner. These alloys can therefore be age- 
hardened, but are not always easy to process, 
particularly as the nickel content makes them 
very sensitive to traces of sulfur. As little as 
0.01% sulfur is sufficient to make them brittle 
when hot. Phase separation in nickel-contain- 
ing white gold alloys leads to the formation of 
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a gold-rich mixed crystal, and a nickel-rich 
ferromagnetic phase, which tends to lower the 
chemical resistance of the alloys. 
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Figure 12,8: Section through the Au-Ag-Cu phase dia- 
gram parallel to the Ag-Cu edge with a constant gold con- 
tent of 70%. 
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Figure 12.9: Liquidus isotherms of the gold-nickel-cop- 
per system. 
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Figure 12.10: Liquidus isotherms of the gold-silver-pal- 
ladium system. 


Gold-Silver-Palladium. Figure 12.10 shows 
the liquidus isotherms of this system, which 
produces white, high-melting alloys over a 
broad area. These are relatively soft and can- 
not be age-hardened. 


12.1.4 Higher Alloys 


In jewelry, the most important quaternary 
alloys are derived from the ternary systems 
Au-Ag-Cu, Au-Ni-Cu, and Au-Ag-Pd, 
most often through the addition of zinc. The 
Au-Pd-Ag-Cu and Au-Ni-Ag-Cu systems 
are also of practical importance. Colored gold 
solders may contain cadmium in addition to 
the above elements. 

Dental gold alloys often have five or more 
components. These are formed from Au-Ag- 
Cu by addition of Pd and Pt. 


12.1.5 Production and Processing 
of Gold Alloys [19-21] 


Melting. Gold alloys are made by melting fine 
metals in crucibles made of a clay-graphite 
mixture or fireclay, Gas-heated furnaces used 
to be common, but electrically heated smelt- 
ing plants or induction furnaces are now used. 
In order to prevent oxidation of the base metal 


229 


components, ће melt is covered with lumps of 
charcoal and borax. The air above the crucible 
can also be replaced by carbon dioxide. Melt- 
ing is sometimes camied out in vacuum. The 
molten metal is poured into preheated iron 
molds to obtain the required form. 


Manufacture of Gold Leaf. Fine gold is 
rolled out to form sheets about 20 рт thick, 
then placed between sheets of vellum and 
beaten out with a spring hammer. Finally, it is 
placed between gold beaters’ skins (mem- 
branes from the cecum of cattle, although re- 
cently plastic sheets also have come into use) 
and hammered by hand to leaves with a thick- 
ness of ca. 0.2 um. Today, gold leaf is also 
made by cathode sputtering. | 


Rolling and Drawing. Cast plates are flat 
rolled to form sheets; billets are first shaped on 
grooved rolls, and then drawn to form wires. 
Intermediate annealing processes are usually 
carried out in electrically heated furnaces. In 
order to prevent oxidation of the metal, a pro- 
tective gas consisting of partially bumed coal 
gas or propane is blown through the furnace. 


Fabrication of Jewelry. In former times, gold 
jewelry was made by hand from sheets and 
wires, and the pieces soldered together. The 
mechanical properties of the alloys were not 
critical because the goldsmith was able to 
adapt his methods according to the material. 
With the increase in factory production, qual- 
ity requirements became much more impor- 
tant. The correct choice of a gold alloy for a 
particular production process has thus become 
critical. 

Beating, Deep-drawing, Spinning, and 
Pressing. Soft gold alloys are most suitable for 
these methods Moderately hard or soft gold al- 
loys are used to manufacture jewelry from 
sheet metal, such as brooches and rings. 
Chains and plaits are now almost exclusively 
machine-made; for this purpose, all soft al- 
loys, and a very few moderately hard alloys 
can be used. Alloys for chains must have con- 
stant mechanical and processing properties, so 
that the machine can produce a well soldered 
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strand. For pin shanks, spring catches, and 
other similar articles, the hardest possible al- 
loys must be used, because good resistance to 
wear and high elasticity are required [21]. 

Punching. To make seamless wedding 
rings, a hole is punched out of a disk. The re- 
sulting piece then undergoes a heavy forming 
operation without removing any material, in a 
specially adapted production process. 

Casting. The manufacture of jewelry by 
casting gold in molds made of metallic or inor- 
ganic materials, or sometimes organic materi- 
als (cuttlebone), has been used throughout 
history. In recent times the casting of jewelry 
using the lost wax process has become an im- 
portant manufacturing method. Several wax 
models of the desired shape are made in a split 
mold, provided with a joint gate, and embed- 
ded in a paste mixed with water, consisting es- 
sentially of quartz and gypsum. When this 
paste has hardened, the wax is melted out, and 
the hollow mold fred at red heat. The molten 
gold alloy is then poured in. After cooling, the 
formed pieces are removed smoothed, and 
polished. 


Age-Hardening. The hardness of many gold- 
silver-copper alloys can be increased by heat 
treatment at 250-350 °C. However, in the fab- 
rication of jewelry only limited use has been 
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Group E 
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made of this possibility, because the hardening 
that takes place during forming is usually suf- 
ficient. 

As age-hardening in gold-silver-copper al- 
loys takes place at lower temperatures than re- 
covery after cold forming, the superposition of 
age-hardening and forming operations can 
lead to a considerable increase in the hardness 
and strength of a workpiece. This method is 
useful in the fabrication of parts which are to 
serve as holding or fixing elements. 


12.2 Silver 


12.2.1 Binary Silver Alloys 
23, 25, 27-38] 


[22, 


The binary alloys of silver can be divided 
into groups according to their alloying behav- 
ior (Figure 12.11) [22, 34]. Phase diagrams of 
binary silver alloys are shown in Figure 12.12. 
The most important binary silver alloys are 
described below. 


Silver-Copper. The Ag-Cu alloys are com- 
mercially the most important silver alloys. Al- 
most all coinage and jewelry silver (Tables 
12.1 and 12.2) consists of silver copper—al- 
loys. 
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Figure 12.11: Grouping of binary silver alloys in the periodic table. 
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Table 12.1: Silver coins. 


Country eee n - Face value Fineness Silve rper Total silver content 
Issue Circulation coin, g of coins issued, t 
United States ca. 1895 $1 900 24.05 
са. 1895 $7, 900 11.25 
са. 1895 s, 900 5.62 
ca.1895 $", 900 4.50 
са. 1895 — 5/, 900 2.25 
са. 1895 5/, 900 1.13 
1964 5, 900 11.25 
1965 5/, 400 4.60 
Switzerland ca. 1895 sfr. 5 900 22.50 
ca. 1895 sfr. 2 835 8.35 
ca, 1895 sfr. 1 835 4.175 
ca. 1895 sfr. 0.5 835 2.083 
ca. 1895 sfr. 5 835 12.525 
Germany 1873 M5 900 25 
1873 M2 900 10 
1873 М1 900 5 
1873 M 0.5 900 2.5 
1873 M02 900 1.0 
ca. 1880 M 5/2/1/0.5/0.2 900 6000 
1924 RM 5 500 10 
1924 RM2 500 5 
1924 RMI 500 2.5 
1936 RM 5 900 12.5 2450 
1936 RM 2 625 500 
1951-1974 DM 5 625 7.00 1850 
1952-1979 commemorative coins DM 5 625 7.00 1100 
1972 olympic games DM 10 625 9.6875 870 


Table 12.2: Fineness of some common silver alloys. 


Fineness in 


Parts per rae ЕНЕ Mark Name Uses 
thousand 
800 800 cutlery, tableware 
835 835 jewelry 
925 925 sterling silver tableware, cutlery 
950 premier titer high-quality cutlery 
958 958 Britannia silver high-quality cutlery 
625.00 10 oftennone 10 lot 
750.00 12 12 12 lot Berlin silver (mark: scepter) 
781.25 124 12% 12% lot Frankfurt silver (mark: eagle) 
791.66 12 lot, 12 grains? Schwäbisch Gmünd silver (mark: unicorn) 
812.50 13 13 13 lot Augsburg silver (mark: fir cone) 
Nuremberg silver (mark: N) 
843.75 13% 13% 13:2 lot Zürich silver (mark: Z) 
875.00 14 14 14 lot 
888.88 14 lot, 4 grains Venetian silver 
937.50 15 15 15 lot 
875.000 84 
916.666 88 
947.916 9] 
1000 16 96 medals 


a Russian unit. 
b grain = '/, lot; 16 lot = 288 grains. 
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The two components are completely misci- 
ble in the liquid state but have limited solubil- 
ity in the solid state. At the eutectic 
temperature (779 °С), 8.8% (14.1 atom%) 
copper dissolves in silver, and 8.0% (4.9 
atom%) silver in copper. At 200 °C, only 
0.2% copper dissolves in silver, and 8.0% (4.9 
atom%) silver in copper. At 200 °C, only 
0.2% copper dissolves in silver, and < 0.05% 
silver in copper. At the eutectic point, the com- 
position is 71.9% (60.1 atom%) silver and 
28.1% (39.9 atom%) copper. Hence, in prac- 
tice, all industrially important silver-copper 
alloys lie on the silver-rich side of the eutectic 
composition. 

The industrial use of silver-copper alloys is 
based on the fact that many of their properties 
are satisfactory over a wide range of concen- 
trations [22]. 

The color of silver is influenced by the 
presence of even small amounts of copper. Up 
to a weight ratio of 1:1, the alloys are almost 
white. Above ca. 68% copper, they are red, 
and in between they are pale red. The shades 
of color, however, depend very much on the 
structure of the alloy and hence on its method 
of formation. Color variations in electrolyti- 
cally deposited alloy coatings are extremely 
dependent on the type of electroplating bath 
used, 

The phase relationships in the range of in- 
dustrial silver-copper alloys allow the lattice 
structure and properties to be modified by 
thermal treatment. If a melt with composition 
Ag 925 Cu 75 (sterling silver) is allowed to 
cool slowly to the solidification point (915 °C) 
and held around this temperature, a homoge- 
neous mixed crystal is formed in which the sil- 
ver lattice positions are occupied by copper in 
a statistically random distribution (substitu- 
tion mixed crystal). If the alloy is then 
quenched rapidly, the single mixed-crystal 
phase is retained, and the resulting alloy is 
ductile. If a melt of sterling silver is cooled 
more slowly (e.g., under the conditions of an 
industrial casting operation), a proportion of 
mixed-crystal phase is obtained together with 
precipitated eutectic phase. With decreasing 


temperature, the solubility of copper in silver 
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decreases, and a copper-rich phase separates, 
leading to precipitation hardening. For the 
same reason, ductile sterling silver with a high 
mixed-crystal content can be hardened by 
tempering at 300 °C. Ductile sterling silver is 
also formed by very slow cooling; the struc- 
ture consists of almost pure silver and copper 
phases. The mechanical properties of other 
commercially important silver-copper alloys 
can be modified by similar treatment. 


Silver-Cadmium. Mixed crystals are formed 
without miscibility gaps on the silver-rich side 
of the Ag-Cd system, up to a cadmium con- 
tent of at most 43,2% (Figure 12.13). All in- 
dustrial alloys lie in this range. The existence 
of yellow, reddish, and violet hues in the range 
40-60% Cd is noteworthy. 

The use of Ag-Cd alloys as materials for 
electrical contacts is now of only minor im- 
portance. They have been replaced to a large 
extent by silver composite materials. How- 
ever, to produce Ag-CdO composites (e.g., 
Ag-CdO: 90/10 and Ag-CdO: 85/15) by inner 
oxidation, the corresponding Ag-Cd alloys 
must first be produced [26]. Special safety 
precautions must be taken when the alloy is 
melted because of the high toxicity of both 
cadmium vapor and the readily formed cad- 
mium oxide aerosol. Cadmium (mp 320.9 °C, 
bp 767 °C) has a high vapor pressure. 


Silver-Gold. Silver and gold form mixed 
crystals without miscibility gaps (Figure 
12.12). Neither separation nor transformation 
occurs in any part of the system. Binary silver 
gold alloys are of little interest as construction 
materials because of their low hardness. 


Silver-Palladium. Apart from gold, palla- 
dium is the only metal that forms mixed crys- 
tals with silver without miscibility gaps. The 
alloy Ag 23 Pd 77, which is used for hydrogen 
diffusion membranes, exhibits extremely high 
hydrogen permeability and high dimensional 
stability. 


Silver-Nickel. The extremely low mutual sol- 
ubility of silver and nickel (Figure 12.12) is 
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utilized industrially in the production of Ag- 
Ni composite metal by sintering and in the 
production of fine-grained silver containing 
ca. 0.15% nickel. 


Silver-Lead. Because of the eutectic in the 
Ag-Pb system (Figure 12.12), careful cooling 
of a lead alloy with a very low silver content in 
the region of the eutectic temperature causes 
relatively pure lead to separate as a solid until 
the content of the melt reaches 2.7% (4.5 
atom™) silver. This is the basis of the Pattin- 
son process for the enrichment of silver in 
lead. 


Other Binary Silver Alloys Used Industri- 
ally. The systems Ag-Zn and Ag-Hg (Figure 
12.12) are important in silver extraction, and 
Ag-Hg is also important in dental technology, 
although ternary and even higher systems are 
more important. 

In brazing, binary alloys of silver with alu- 
minum, beryllium, indium, manganese, lith- 
ium, and titanium, are sometimes used as 
prealloys. Lithium and titanium promote wet- 
tability of the metal by the brazing alloy. 

Because of the high solubility of silver in 
molten sodium, silver equipment or silver- 
containing brazing alloys must not come in 
contact with sodium metal. Small quantities of 
Mg or Si in the silver increase its hardness. 

The Ag-Ca system is the basis for the pro- 
duction of skeletal silver catalysts. 


12.2.2 Ternary Silver Alloys 


Ternary silver alloys are of greater indus- 
trial importance than binary alloys, the only 
important exception being the system Ag-Cu. 
Alloys containing three or more components 
allow a wide range of mechanical, and electri- 
cal properties to be obtained. For metals that 
either do not alloy with silver or do so to only 
a limited extent in binary systems, the pres- 
ence of a third component often makes alloy 
formation possible. A knowledge of three 
component alloys often leads to the experi- 
mental development of alloys containing four 
or more components. 
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The ternary alloys of silver have been in- 
vestigated extensively [31—34, 39]. 


Silver-copper-cold is a very important sys- 
tem in jewelry alloys, almost exclusively in 
the gold-rich region. These alloys exhibit a 
wide range of hardness and color. 


Silver-tin-mercury is the basis of the tech- 
nology of dental amalgams. 


Silver-Lead-Zinc. Formation of the silver- 
containing zinc crust in the Parkes process for 
the extraction of silver from ores takes place 
essentially in this ternary system. 


Silver-lead-gold alloys are present in the 
lead shaft furnaces of noble-metal recycling 
smelters. However, the entire process takes 
place in the molten state, so that phase rela- 
tionships in the solid state are of little impor- 
tance. 


Silver-Copper-Phosphorus. Some hard sol- 
ders with a low silver content, used without 
flux, are ternary systems of the type Ag-Cu- 
Сир. 


Silver-Cadmium-Indium. The alloy Ag 80 
Cd 5 In 15 has been used to control nuclear re- 
actors. It combines a high thermal neutron 
capture cross section with high thermal con- 
ductivity, mechanical stability, and good cor- 
rosion resistance toward hot water. 


12.2.3 Quaternary Silver Alloys 


Commercial quaternary silver alloys in- 
clude brazing alloys, which belong mainly to 
the Ag-Cu-Zn-Cd system, and modern gold- 
colored dental alloys, which generally contain 
palladium or platinum in addition to Au-Ag- 
Cu. 


12.2.4 


Fine silver is cast ınto marketable bars, 
rods, und granules by using gas- or oil-fired 
furnaces and gas or electric crucible furnaces. 
The molten metal is cast into bars in iron 


Manufacturing [23-26] 
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molds. Reducing conditions are used during 
melting to prevent the absorption of oxygen 
by molten silver, which leads to spitting on so- 
lidification, and hence to an uneven surface on 
the solid metal. In early days, the oxygen in 
solution in the silver was removed by stirring 
the melt with poles of green birch wood. To- 
day, graphite, phosphorus, or lithium is added, 
or melting operations are carried out in a re- 
ducing atmosphere. Granules of fine silver are 
produced by pouring a thin stream of molten 
silver into water. 

The melting of silver alloys is now carried 
out almost exclusively in induction furnaces. 
These cause a stirring effect during the melt- 
ing process, which ensures thorough mixing 
of components. Also, the operation can readily 
be carried out under a protective gas to prevent 
uptake of oxygen. Melting under vacuum is 
not feasible because of the relatively high va- 
por pressure of silver. When molten silver al- 
loys solidify, nonhomogeneous layer crystals 
nearly always form on a microscopic scale, 
but they can be homogenized by heat treat- 
ment. With large castings, which require a 
long time for cooling, liquation effects can 
lead to irreversible variations in composition. 
This causes problems in processing cast bars 
and billets to form sheet or wire, because the 
tolerances for the alloy compositions in these 
applications are very tight. 

Silver alloys can also be shaped by continu- 
ous casting (Figure 12.13). Simple profiles, as 
well as complex, semifinished profiles closely 
approximating the final cross section required 


Alloys 


(near net shape), can be produced directly 
from the melt. This is a major advantage be- 
cause costly reprocessing is minimized. The 
continuous production sequence of continuous 
casting guarantees consistent product quality, 
while control of secondary cooling can pre- 
vent undesirable segregation effects. Horizon- 
tal continuous casting is used for high 
throughputs and large cross sections. Vertical 
casting plants are preferred for high-quality 
material and kilogram quantities. 

The investment costs for continuous cast- 
ing plants are very high; however, the advan- 
tages of the process have given it a dominant 
position in silver production technology. 

Silver and silver alloys, whether produced 
by ingot mold or continuous casting, are con- 
verted into rods, wires, and profiles in extru- 
sion presses. Intermediate heating is 
necessary, depending on the material and the 
extent of forming. Extrusion presses often 
produce directly salable end products (е.р., 
silver solder wire). Otherwise, further forming 
processes are required, which can include roll- 
ing, drawing, hammering, bending, pressing, 
stamping, forging, and weaving into gauzes. 
Cutting processes can also be used, including 
turning, milling, planing, simple engraving, 
and engraving with a rose engine. 

For smaller items such as jewelry or fittings 
for chemical equipment, investment casting 
can be used. Usually, centrifugal casting is 
preferred, the molds being produced by the 
lost wax process. Problems of homogeneity 
and segregation do not usually arise here. 


Figure 12.13: Continuous casting of silver: a) Pouring ladle with molten metal; b) Holding furnace; c) Continuous water- 
cooled mold; d) Circular saw; e) Milling machine; f) Coiling machine. 
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Thermal treatment processes not only ho- 
mogenize the castings, but also restore the 
structure (texture) of the metal that is respon- 
sible for its hardness. Intermediate heating be- 
tween forming stages must generally be 
camied out in nonoxidizing atmospheres for 
silver—copper alloys. Protective gases used in- 
clude hydrogen, nitrogen, carbon monoxide, 
argon, or cracked gas. If silver alloys come in 
contact with atmospheric oxygen during ther- 
mal treatment, coatings of base-metal oxides 
are formed. These scale layers can be removed 
by pickling. If the scale consists mainly of 
copper oxide, it can effectively be removed 
with 10% sulfuric acid at 70 °C. 

Sintering techniques are limited to compos- 
ite silver materials. 

Tula silver is silver that has been decorated 
by the so-called niello technique, in which a 
black, sulfur-containing Ag-Cu-Pb alloy is 
melted into an engraved design. 

Silver alloys may be bonded together by the 
usual soldering, welding, and adhesive pro- 
cesses. 


Table 12.3: Silver containing (brazing alloys). 
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12.2.5 Brazing Alloys 
40-44] 


[22, 23, 26, 


Silver-containing brazing alloys are widely 
used for joining industrial metallic materials. 
Their compositions mainly belong to the sys- 
tems Ag-Cu-Zn, Ag-Cu-Zn-Cd, and Ag- 
Cu-P. The alloys occasionally contain manga- 
nese or nickel. Vacuum-brazing alloys also 
contain gold or palladium. The advantage of 
silver-based brazing alloys compared to those 
containing only base metals such as brass or 
German silver consists of improved workabil- 
ity due to their lower melting points and im- 
proved oxidation resistance during brazing. 
Silver-containing brazing alloys give stronger 
joints than brass alloys. 

Optimized brazing alloy compositions have 
been developed for most important metallic 
construction materials. Table 12.3 lists the 
most important brazing alloys and their uses. 


Description Composition, % Working tem- Main area of use Characteristic 
(DIN 8513) Ag Cu Zn Cd P Sn In Ni регаіиге, °С Material Field properties 
L-Ag40Cd 40 19 21 20 610 steel, copper, automobile indus- low working tem- 
copper alloys try, heating instal- perature; most 
lation important silver 
brazing alloy 
L-Ag30Cd 30 27 2122 680 steel, copper automobile indus- low cost, low-sil- 
alloys try, equipment ver brazing alloys 
construction 
L-Ag2P 2 917 6.3 710 copper sanitary installa- по flux added 
tions, equipment 
construction, elec- 
trical engineering 
L-Ag45Sn 45 27 25 3 670 steel, copper heating and cool- cadmium free 
alloys ing engineering, 
drinking-water in- 
stallations 
L-Ag55Sn 55 21 22 2 650 stainless steel equipment con- cadmium free 
struction 
L-Ag56InNi 56 26 14 4 730 stainless steel drinking-water in- cadmium free 
stallations 
L-Ag 72 72 28 780 steel, nickel electrical engi- ^ low vapor pres- 
alloys neering sure, vacuum 


brazing 
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Table 12.4: Commercial active brazing alloys. 


Composition, % 


Aloy Ag Cu Sn In Ti 
СВІ 72.5 19.5 5 3 
CB2 96 4 
CB4 70.5 26.5 3 
СВ 5 64 34.5 1.5 
СВ б 98 1 1 
CSI 86 10 4 
С52 4 4 


For health and safety reasons, the cadmium 
in these alloys is being replaced as much as 
possible by other metals such as tin or indium. 
Silver-containing brazing alloys are mainly 
supplied as wires, sheets, rods, and shaped 
pieces of many kinds. 

Brazing alloys usually require a flux, the 
only exceptions being the phosphorus-con- 
taining brazing alloys used for copper. 

Developments have recently been in the di- 
rection of flexible brazing alloys coated with 
flux and brazing alloys in paste form. Both of 
these extend the efficient use of mechanized 
brazing equipment, reducing the time required 
for brazing in mass production work. 

The use of silver-based brazing alloys in 
high-tech applications is increasing. These in- 
clude microelectronics, power electronics, en- 
ergy technology, and aircraft and space 
technology. Difficult bonding problems (e.g., 
with titanium alloys, dispersion-hardened al- 
loys, and hard metals) can be solved by braz- 
ing techniques, even when high strength and 
temperature resistance are required. This is 
also true of ceramic components (Si,N,, 210;, 
etc.) and diamond. Sö-called active brazing al- 
loys (Table 12.4) enable brazing of ceramics 
to be carried out without previous metalliza- 
tion of the material. Silver is also used in sol- 
ders, but in lower concentration. For example, 
the solder L-SnAg 5 contains 3.5% Ag and 
melts at 221 °C. 


12.3 Platinum Group Metals 
[45-64] 


All the platinum group metals are infinitely 
miscible with one another in the liquid state. 


Alloys 


Melting range, °C Brazing temperature, °C 


Pb 
730-760 850-950 
970 1000-1050 
780-805 850-950 
770-810 850-950 
950-960 1030 
221-300 850-950 
92 320-325 850-950 


When the molten alloys solidify, or when а 
mixture of the powdered metals is sintered, 
platinum, iridium, palladium, and rhodium, 
which crystallize in the face-centered cubic 
system, form mixed crystals with each other. 
At lower temperature, miscibility gaps are ob- 
served in many cases. 

Some phase diagrams of the binary alloys 
of platinum are shown in Figure 12.14; these 
have no industrial importance. However, ter- 
nary and higher alloys, often with gold and 
base metals, are industrially important. 

The starting material for the manufacture of 
PGM alloys from platinum and palladium is 
generally metal sponge. The remaining ele- 
ments—rhodium, iridium, ruthenium, and os- 
mium—are supplied as powders. Platinum 
and palladium are also available in ingot form. 

Owing to their high melting points, the 
platinum group metals are almost invariably 
melted in an induction furnace, either under 
vacuum or with argon as a protective gas. The 
vigorous mixing action produced by inductive 
heating is an additional advantage in produc- 
ing alloys. Crucible materials can be alumi- 
num oxide (corundum), a-ALO,; zirconium 
oxide, ZrO,; or magnesium oxide, MgO. Pure 
calcined calcium oxide was also used in the 
past. The molten metal is poured into water- 
cooled copper molds. The refractory platinum 
group metals, ruthenium and osmium, are sel- 
dom needed as pure, solid metals, but may be 
compacted by sintering. Electric-arc melting 
and electron-beam melting are sometimes 
used. Electron-beam purification has recently 
become an important method of treating irid- 
ium. This melting process causes selective 
evaporation of trace elements and impurities 
at ca. 2700 °C. 


Precious Metals 239 


wis ——— 


1 4 
2500 00 40 60 80 2500 10 20 40 60 80 2500 1020 0 60 80 7500 20 0 60 a 


0 5 © в WM 0 5 9 5 ю SHARM 0 5 MW 5 ш 
Чо и wm 


25 
9 2 


75 
40 60 80 


Temperature, °C —— 


3 8 
10 20 3040 
Тт” 


75 


= 0 i 0 
0 23 © 75 о 5 5 75 XO 0 5 50 75 W 0 5 5 7 100 


Atom? —— 


Figure 12.14: Phase diagrams of binary platinum group metal alloys. 
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Platinum, palladium, and most of their al- 
loys can be mechanicaliy shaped by rolling, 
drawing, forging, deep drawing, etc., at room 
ternperature, with intermittent heating. Form- 
ability decreases with increasing proportions 
of the other platinum group metals in the as- 
cending series palladium, rhodium, indium, 
ruthenium, and osmium. Special techniques 
are used for weaving Pt-Rh catalyst gauzes 
and for drilling extremely small holes in the 
platinum alloy spinneret nozzles used in the 
production of fibers. Platinum and the other 
metals can also be processed by powder met- 
allurgy, a well-established process used when 
the melting temperature (e.g., that of Pt) can- 
not be conveniently reached. Between 1825 
and 1945, ca. 15 t of platinum was minted into 
coins by this method in Russia. 

The process of inert gas spraying is used to 
produce dental powders (e.g., based on PGM- 
containing gold alloys). Particle sizes are 
around 50 um. 

Platinum and palladium can be welded 
without special precautions. Platinum metal 
can be welded by hammering at red heat. A 
protective gas must be used with rhodium and 
iridium. 
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13.1 "Tungsten 


13.1.1 Introduction 


The addition of one or more elements or 
compounds to tungsten can improve its prop- 
erties in a particular respect, or can combine 
the useful properties of tungsten with those of 
the additives. Depending on the additives, sin- 
gle-phase or two-phase alloys are produced. 
Powder metallurgy offers a simple route to the 
desired ratio of components, simply by mixing 
them. Of the large number of alloys described 
in the literature, only those of industrial im- 
portance are described here. 


13.1.2 Single-Phase Mixed- 
Crystal Alloys 


Tungsten-Molybdenum Alloys. Alloys with 
the composition Mo-1OW and Mo-30W have 
good corrosion resistance to molten zinc. In 
general, additions of tungsten increase the re- 
erystallization temperature of molybdenum. 


Tungsten-Rhenium Alloys. These have a 
higher recrystallization temperature than that 
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of pure tungsten, а lower brittle-ductile trans- 
formation temperature, and higher high-tem- 
perature strength. They do not become brittle 
on recrystallization, and have superior weld- 
ing properties. The alloying range of practical 
interest is 5-26% Re. 

The powder metallurgical method of pro- 
duction is from mixtures of tungsten and rhe- 
nium powder, or by coreduction by hydrogen 
of mixtures of yellow or blue oxide with am- 
monium perrhenate. The latter method ensures 
better uniformity. 

High-temperature thermocouple elements, 
serviceable up to 2000 °C in protective gas at- 
mospheres or in vacuum, are made from W- 
SRe or W-26Re wires. 

The most important application area of W- 
Re alloys is in medical technology, where they 
are used in the manufacture of high-power ro- 
tating X-ray anodes, e.g., in computerized to- 
mographic scanning equipment. The surface 
layer consists of a W-(3-10)Re alloy, while 
the body of the component is a Mo-W alloy, a 
Mo-Ti-Zr-O-C microalloy (TZM), or graph- 
ite [1, 2]. Compared with the pure tungsten an- 
odes formerly used, the W-Re alloy can be 
operated at higher electron currents, allowing 
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for shorter irradiation times. This is due to its 
greater stability to extreme alternating thermal 
stresses. The W-Re layer prevents roughening 
of the heated zones, and increases tube life- 
time. 


Tungsten-Tantalum Alloys. As with the mo- 
lybdenum alloys, the only alloys of impor- 
tance are those with high tantalum content. 
Developments have been principally aimed at 
pairing the good corrosion resistance and elas- 
ticity properties of tantalum with the superior 
strength and high-temperature strength of 
tungsten. 

Ta-(7-8)W alloys are used in the manufac- 
ture of springs for use in strongly corrosive 
media [4, 5]. 

Ta-2.5W is a corrosion-resistant construc- 
tion material used in cases where the strength 
of pure tantalum is inadequate [6, 7]. 


Tungsten-Titanium Alloys. W-10Ti is used 
as a sputtering target in the manufacture of mi- 
croelectronic devices, such as VLSI or ULSI 
(very large or ultralarge scale integration), or 
DRAM (dynamic random access memory) 
chips. 


13.1.3 Multiple Phase Alloys 


Tungsten has excellent thermal properties 
and high density. However, for certain appli- 
cations, its electrical and thermal conductivity, 
sensitivity to oxidation, and relatively poor 
machining properties are unsatisfactory. These 
limitations have led to the development of 
two-phase alloys in which the tungsten is the 
principal component. These are always pro- 
duced by powder metallurgy. 


Heavy Metals [8]. The term “tungsten heavy 
metal” means two-phase tungsten alloys of the 
type W-Ni-Fe (Ni 1-7%, Fe 0.8-3%, Mo 0- 
4%, magnetic) and W-Ni-Cu (Ni 1-7%, Cu 
0.5-3 %, Fe 0-7%, nonmagnetic). The density 
varies between 17 and 19 g/cm’, depending on 
the tungsten content. 

They are produced by a powder metallurgi- 
cal process involving liquid-phase sintering. 
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Dense sintering takes place only slightly 
above the melting temperature of the eutectic 
mixture (1440-1500 °C). As a result of the 
solubility of tungsten in the molten binder 
phase and the tendency of the interphase area 
of the system to decrease, recrystallization of 
the tungsten takes place, and hence a signifi- 
cant grain growth. The original mean particle 
size of the tungsten powder (3-5 um) is in- 
creased in the sintered alloy (40-100 um). The 
structure consists of spherical tungsten grains 
that contain a few tenths of a percent of Ni and 
Fe in solid solution. These grains are embed- 
ded in a tough Ni-Fe-(Cu) matrix that con- 
tains ca. 496 W in solution (Figure 13.1). 


Figure 13.1: Scanning electron micrograph of the fracture 
surface of non-sag tungsten after recrystallization (magni- 
fication 5000 x). 


In tungsten heavy metals, high modulus of 
elasticity and high electrical and thermal con- 
ductivity are combined with increased elonga- 
tion and good machinability. This is due to the 
binder. Also, heavy metals have good absorp- 
tion properties for y- and X rays, and are there- 
fore used for radiation shielding. The 
properties of various heavy metal alloys are as 
follows [9]: 


Density at 20 °C 17.0-18.5 g/cm? 
Modulus of elasticity 320-380 kN/mm? 
Shear modulus 125-160 kN/mm? 
Poisson’s ratio 0.28-0.29 
Hardness HV 10 270-470 
250-450 


550-1350 N/mm? 
565-1300 N/mm? 


Tensile strength 
Yield strength (0.2%) 
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Table 13.1: The most important properties of tungsten pseudoalloys [10]. 
: Electrical Specific electri- Thermal con- Modulus of Tensile 
Composition eut ' conductivity, calresistivity, ductivity, un u > elasticit д strength, 
% JACS* Тел Wnr'K! kN/mm N/mm? 
W-20Cu 15.4 35 0.05 134 180 225 440 
W-25Cu 14.5 36 0.042 138 160 225 390 
W-30Cu 14.0 43 0.04 147 160 230 390 
W-35Cu 13.5 47 0.037 155 150 200 340 
W-40Cu 12.7 51 0.033 176 140 180 290 
W-50Cu 11.6 58 0.026 195 120 150 250 
W-20Ag 15.6 35 0.05 138 180 205 340 
W-35Ag 14.0 47 0.037 159 110 132 290 
W-6.5Ni3.0Fe 17.0 10-12 0.15-0.18 76 270 350 750 
W-6Ni4Cu 17.0 12.5-13.5 0.13-0.14 94 260 320 700 


а International annealed copper standard. 


2-15% 
3500-5500 N/mm? 
560-730 N/mm? 


Fracture strain 
Compressive strength 
Hot strength at 100 °C 


at 500 °C 340-610 
at 1000 °C 90-260 
Specific electrical resistivity 0.10-0.18 Qm 


(5.22-6.45) x 10% 
пк" 

8.5-9.7 тт 
4.5-5.2 


Mean linear thermal coefficient 
ofexpansion, 20-800 °C 


Half-value thickness against Co 
against "Cs 


Tungsten-Copper and Tungsten-Silver Al- 
loys. Depending on the application, these can 
contain 20-50% Cu or 10-80% Ag. They 
combine the high hardness and high-tempera- 
ture strength, the low welding tendency, and 
the excellent resistance to burning (by sparks 
and electric arcs) of tungsten with the high 
conductivity and good machinability of cop- 
per and silver, respectively. 

They are produced by a powder metallurgi- 
cal process involving impregnation (infiltra- 
tion). The tungsten powder, or a mixture of 
this with small amounts of the alloying ele- 
ment, is compacted and sintered at low tem- 
perature. The pores are then filled by 
infiltrating with a liquid phase. The amount of 
Cu or Ag required can be found from the 
"green" density (density of the compact prior 
to sintering). Infiltration can be by immersion, 
dipping, or flooding. 

As the components W and Cu or Ag have 
practically no mutual solubility (pseudoal- 
loys), no appreciable change in the particle 
size of tungsten takes place during infiltration, 
ie, the tungsten skeleton approximately 
matches the particle size of the tungsten pow- 


der, though in densified form. The most im- 
portant properties are listed in Table 13.1. 


Non-Sag Tungsten (NS-W). This is a mi- 
croalloy with metallic potassium. The techno- 
logically active alloying component, 
potassium, is present in trace concentrations 
(20-100 ug/g). The most important applica- 
tion is in the filaments of conventional incan- 
descent lamps. 


Non-sag tungsten wires have a so-called 
staple fiber structure (long, intertwined crys- 
tallites in an axial direction). This prevents the 
coiled wire from sagging when incandescent, 
and increases the creep strength at tempera- 
tures > 2000 °C. The structure originates from 
small pores filled with metallic potassium, 
formed from larger potassium-filled bubbles 
by deformation (wire drawing) followed by 
heat treatment. The pores are arranged axially, 
i.e., in lines following the direction of defor- 
mation; they prevent slippage of dislocations 
and migration of grain boundaries on recrys- 
tallization. Grain growth is possible in the ax- 
ial direction, and strongly inhibited in the 
radial direction. 

The discovery of non-sag tungsten was ac- 
cidental [11]. In the early 1920s, it was noticed 
that wire manufactured from tungstic acid cal- 
cined in special clay crucibles made by the 
Battersea Company of London had a more sta- 
ble shape than wire from material calcined in 
standard crucibles. It was later reported that K, 
Si, and Al were picked up from the crucibles 
during the process. Since then, the oxide (for- 
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merly tungstic acid, but now blue oxide) is al- 
ways doped with potassium silicate and the 
chloride or nitrate of aluminum. 

On reduction of the oxide, finely dispersed 
phases of the doping elements K, Al, and Si 
(potassium aluminum silicates) are formed, 
and are then to some extent incorporated into 
the tungsten crystallites by overgrowth [12]. 
The doping elements mainly remain outside 
the powder particles, and are removed after 
the reduction process by washing with hydrof- 
luoric acid. The final sintering evaporates any 
remaining doping elements still adhering. The 
ternary silicate phase included in the powder 
particles dissociates at higher temperatures. 
The elements Si, Al, and O, which have small 
atomic radii, can diffuse through the tungsten 
crystal lattice and thus volatilize. The potas- 
sium atoms are too large, and, as potassium is 
insoluble in tungsten, remain behind as potas- 
sium-filled bubbles. These break up to form 
lines of very small bubbles on subsequent pro- 
cessing (Figure 13.2). 


ў 


Figure 13.2: Microstructure of a tungsten heavy metal W- 
TNi3Fe (magnification 250 x). 

The amounts of doping elements added to 
the oxide are: К 2000-3000 ug/g; Al 200-400 
ug/g; and Si 2000-3000 ug/g, of which the 
amounts remaining in the sintered microalloy 
are only 20-100 ug/g, < 20 ug/g, and < 10 
ug/g, respectively. 

In addition to their use in incandescent fila- 
ments, NS-W microalloys are used in halogen 
lamps, resistance wires for heating motor ve- 
hicle windows, and, owing to their excellent 
resistance to corrosion by molten metals, as 
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containers and heating elements in aluminum 
vapor deposition plants. 


Alloys with Oxide and Carbide Dispersions. 
Fine, homogeneously distributed dispersions 
of oxides of the elements Th, Y, Zr, La, and Ce 
increase the thermal conductivity and recrys- 
tallization temperature of tungsten and its al- 
loys. The most commercially important alloy 
today is thoriated tungsten (1-4% ThO,), al- 
though in recent years the radioactive thorium 
has been replaced, where possible, by rare 
earth oxides. It is mainly used in welding elec- 
trodes. Thorium increases the thermal emis- 
sion of electrons, and ensures a constant, 
stable electric arc. The dispersion-strength- 
ened alloys W-Re-ThO, and W-Re-HfC cur- 
rently have the highest high-temperature 
strength of all known metallic materials [3]. 


Porous Tungsten. This is not itself an alloy, 
but can become one, e.g., by impregnation. 
Tungsten components can be produced with 
15-35% porosity, and are then impregnated 
with Cu to give good machinability. After ma- 
chining, the Cu is removed by vacuum evapo- 
ration. 

Porous tungsten impregnated with alkaline 
earth oxides is used to make dispenser cath- 
odes with reservoirs in high-power transmitter 
tubes. Ion thruster motors for space travel also 
use porous tungsten as ion sources for the 
high-temperature cesium vapor. 


13.1.4 Uses 


The uses of tungsten, its alloys, and com- 
pounds are extremely diverse. They can be di- 
vided into the following large groups (by 


consumption): 

Hard metals 50-60% 
Steel 20-30% 
Tungsten metal and its alloys 6-20% 
Tungsten chemicals 4-8% 


Hard Metals. These products represent by far 
the largest consumption of tungsten world- 
wide. With few exceptions, their main compo- 
nent is tungsten carbide (WC). Carbides, 
nitrides, or carbonitrides of Ti, Nb, Ta, and Hf 


Refractory Metals 


can also be present as mixed crystal formers. 
The hard material phases are bonded together 
by a ductile metallic phase that surrounds 
them (cemented carbides), usually Co, more 
rarely Ni or Fe alloys. 


The outstanding properties of the hard met- 
als are their high hardness and wear resistance, 
especially at high temperatures, combined 
with good toughness properties. This unusual 
combination of properties is achieved by com- 
bining the hard and brittle carbide phase(s) 
with the ductile and deformable binder. By 
varying the carbide/binder ratio, and by suit- 
able choice of the carbide composition, the 
properties can be varied within wide limits. A 
further control parameter for certain proper- 
ties is the microstructure, i.e., the grain size of 
tb.e carbide phase(s), which can be controlled 
via the particle size of the powder used, the 
powder milling, and the sintering conditions. 


The, most important groups of applications 
of hard metals are: 


ө Metal cutting tools (drilling, turning, mill- 
ing) 
ө Tools for processing wood and plastics 


e Drilling tools in mining and mineral oil and 
water drilling technology 


ө Wear-resistant components in a wide range 
of machinery (a continuously increasing 
group with the widest diversification) 


e Elastically bonded abrasive materials 


Steel. Tungsten is added to a very wide range 
of steels in a concentration of 1-18%. It in- 
creases the hardness and wear resistance at 
high temperatures (carbide formation), resis- 
tance to thermal shock, and high-temperature 
properties. The main areas of use are in high- 
speed steels, high-temperature steels, and tool 
steels. The use of tungsten in steel is signifi- 
cantly greater in China and the former Eastem 
Bloc countries, as high-speed steel is still used 
for many applications rather than hard metals, 
as in the West. In the United States, tungsten 
has mainly been replaced by molybdenum in 
high-speed steels. 
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Tungsten and Tungsten Alloys. This group 
represents the widest range of uses. It extends 
from everyday uses, e.g., the coil of an incan- 
descent lamp or the contact tip of an automo- 
bile horn, to components of nuclear fusion 
reactors or ion drive motors in space probes. 
The reason for this range of uses lies in the 
many outstanding properties of tungsten: 


e High melting point 

e Low vapor pressure 

e High atomic number 

e Good electrical and thermal conductivity 

e High density and modulus of elasticity 

e Wide radiation band in visible light and 
good light yield 

e Good X-ray yield 

e Expansion coefficient comparable to those 
of glass and silica 

The following list shows this versatility 
very clearly. 

e Lighting Technology 
— Incandescent lamps (NS-W) 

— Halogen lamps (NS-W) 

— Gas discharge lamps: Hg, Na vapor lamps 
(W) 

— Fluorescent tubes (W) 

- Xe short arc lamps (W, W-ThO,, W-Re) 
e Electrical and Electronic Technology 
— Sputter targets in VLSI technology (W- 
Ti, high-purity W) 

— Transistors (W) 

- Diodes (W) 

- Electronic tubes (W, W-ThO,, porous W 
with Ва or ThOj) 

— Thyristors (W) 

— Switch contacts [W, W-Cu, W-Ag, W- 
Fe-Ni-(Cu)] 

— Heat sinks (W-Cu) 

e High-Temperature Technology (furnace 
construction, nuclear energy, thermal power 
stations) 

— Structural components (W) 


— Walls of fusion reactors (W, W-Re-ThO,, 
W-Re-HfC) 
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Table 13.2: Composition (%) of tungsten melting base and tungsten master alloys for superalloys. 


№ Мо Сг 


TMB [13] 28-38 0.5 0.2 
TMB containing Co [13] 24-30 0.6 0.5 
FeWMo [13] 7 5.5 0.5 
FeWMoCo [13} 7 5.5 0.5 
Darby melt [13] 10 0.4-1.5 3 
NiW [14] 45 

NiCrAli2Mow [14] 7 4 40 
NiCrAl8WTi4.4Ta3.5Mo [14] 7 3.5 26 


— Construction components in the plasma 
space in magnetohydrodynamic electric- 
ity production (W, W-Cu) 


~ Thermocouple elements (W/WRe, W/Mo, 
W/Ir, W/graphite) 


— Heating elements (W) 


ө Vacuum and Plasma Metallization, Welding, 
Spark Erosion 


— Nozzles (W-ThO,) 

- Electrodes [W-ThO,, W-Ag, W-Fe- 
Ni(Mo)] 

— Welding electrodes (W-ThO,, W-LaO,, 
W-CeO,, W-ZrO,, W-Y,0;) 

e X-Ray and Radiation Technology, Medical 

Technology 

— Anodes (W) 

— Rotating anodes (W-Re) 

— Containers for radioactive materials (W— 
Fe-Ni) 

- Components for radiation shielding, e.g., 
collimators in computer tomography 
scanners [W-Fe-Ni-(Cu)] 


e Machinery and Motor Construction 
— Governor balance weights, counterbal- 
ance weights, flywheel weights and other 
weights, e.g., in Formula 1 racing cars 
[W-Fe-Ni(Cu)] 
ө Chemical Industry 
— Electrodes, nozzles, crucibles (W) 
— Construction materials (W—Mo) 
ө Space Travel 
— Rocket nozzles (W, W—Ag) 
— Space nuclear reactors (W-Re) 


— Thermionic converters (porous W, CVD- 
W, W-Re) 


Alloys 
V Co Ni S P с 
02 тах. 06 0.4 0.04 0.04 1.2 
0.2 5-10 0.4 0.04 0.04 1.4 
2 0.6 0.4 0.04 0.04 1.2 
2 5-10 0.4 0.04 0.04 1.2 
1.2 0.03 0.02 04-13 

55 0.001 0.002 0.002 
1 36 0.01 0.015 0.1 

1 47 0.01 0.04 


— Ionic reactive thrust motors (porous W) 

— Structural components (tungsten fiber-re- 
inforced niobium matrix composites, su- 
peralloys, Al, Ti) 

e Armaments 

— Armor piercing shells, armor plating, 
scatter grenades, shaped charge liners, 
counterweights in tanks, nozzles for air- 
to-air rockets, gas rudders (W-Fe-Ni, № 
Cu, W-ThO,) 

e Aircraft 

— Aircraft nose counterweights (W—Fe-Ni) 
Turbine blades of fiber-reinforced nickel- 
based superalloys (W-Re-ThO, and W- 
Re-HfC fibers) 

e Laser Technology 
— Cathodes (porous W/barium aluminate) 
— Components of gas lasers (W-Cu) 


13.1.5 Tungsten Melting Base and 
Master Alloys 


Composition of Tungsten Melting Base. The 
term "tungsten melting base" refers to alloys 
produced from secondary raw materials. 
These can have various compositions, depend- 
ing on the type of recycled material used. Typ- 
ical analyses are listed in Table 13.2. The 
alloys are supplied as granulated material with 
grain size < 10 mm. 


Composition of Tungsten Master Alloys. 
Other master alloys, used especially in the 
production of nickel-based superalloys, in- 
clude Ni-W, complex nickel-based alloys con- 
tainıng Cr, Ta, and Mo [14], and cobalt- 
chromium-tungsten master alloys for wear-re- 
sistant materials and protective coatings [15]. 
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Table 13.3: Properties of commercial molybdenum-base materials (amount of deformation, 90%). 


Р $5 Hardening Recrystallization Typical strength at ASTM B 386-85 
0 
Type of material Composition, % mechanism temperature, °C 1000 С" MPa material number" 
Mo 1100 250 MM 360, 365 
PM 361 
TZM Mo, 0.5 Ti, 0.08 Zr, particle hardening 1400 600 MM 363 
0.01-0.04 C PM 364 
MHC Mo,0.5-2.0 Hf, panicle hardening 1550 800 
0.04-0.2C 
ZHM Mo, 0.4 Zr, 1.2 Hf, particle hardening 1550 800 
0.1C 
TZC Мо, 1.0-1.5 Ti, particle hardening 1550 800 
0.2-0.35 Zr, 0.06- 
02С 
Mo-W-HfC Mo, 25-45 W, 0.9- particle and solu- 1650 900 
ІНЕ C tion hardening 
Mo-Re Mo, 3-50 Re solution hardening 1200 (5% Re) 400 
1300 (41% Re) 600 
Mo-W Mo, 5-30 W solution hardening 1100 (10% W) 280 MM 366 (30% W) 


tassium silicate 0.005-0.1 Si, 


0.01-0.2 O, 


1200 (30% W) 350 
Mo doped with po- Мо, 0.005—0.1 К, particle hardening 1800° 


3004 


Subjected to stress relieving annealing. 

Produced by powder metallurgy (PM) or melting (MM). 
Amount of deformation 98 %. 

Recrystallized. 
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The master alloys for superalloys must be 
produced from very pure raw materials. They 
are melted in vacuum induction furnaces, and 
are cast and cooled under vacuum. The deliv- 
ered form is small lumps (< 50 mm) or powder 
(< 0.3 mm). Some typical compositions are 
listed in Table 13.2. 


Production. During World War II melting 
base alloys for the production of high-speed 
steels were developed and marketed by the 
London and Scandinavian Metallurgical Com- 
pany. They were produced from tungsten 
hammer scale, grinding wheel swarf, and 
other waste products by reductive smelting in 
electric arc steel furnaces. 


A similar recycling process is today oper- 
ated by the Treibacher Chemische Werke. 
Here, the tungsten-containing waste is pre- 
treated (degreased, etc.), melted in an electric 
arc fumace (7.2 MV A) to produce tungsten 
melting base (TMB), and is then granulated. 
At this plant, which is also used for other fer- 


roalloys, the TMB production rate is ca. 1000 
t/a. The product specifications are listed in Ta- 
ble 13.2 [13, 16]. 

J. Becvar has described a process operated 
in the Czech Republic [17]. Tungsten-contain- 
ing wheel swarf is first degreased and dewa- 
tered, and is then melted with other scrap in an 
electric arc furnace to give a so-called Darby 
melt, which is used as a master alloy for high- 
speed steel. A typical composition is given in 
Table 13.2. The process appears favorable, as 
other alloying elements in the scrap, e.g., 
chromium and vanadium, are also recovered. 

Other master alloys used for superalloys 
also require very pure raw materials. The al- 
loys are melted in vacuum induction furnaces, 
tapped off, and cooled under inert gas (argon). 
Some examples of the alloys produced by the 
Gesellschaft für Elektrometallurgie mbH in 
Nuremberg are listed in Table 13.2. These are 
supplied either as small lumps or powder [18]. 
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Table 13.4: Uses of molybdenum and molybdenum alloys. 
Area of application 

Lamp and lighting industries 

Electronic and semiconductor industries 


Examples of uses 
support wires, sealing ribbons, dimming caps 


semiconductor base plates, heat sinks, contact pins, sputtering tar- 
gets, control grids, klystron and travelling-wave tube components 


High-temperature and vacuum fumace construction heating elements, thermal radiation shields, furnace ware 


Glass and ceramic industries 


glass-melting electrodes, installations in glass production tanks, 


drawing dies, crucibles for producing sapphire single crystals 


Casting technology and metalworking 


forging dies for isothermal forging, extrusion dies, die-casting 


molds, hot-galvanizing equipment 


Coating 


spray wire, spray powder, evaporation boats, sputtering targets, 


components of chemical vapor deposition equipment 


Nuclear technology 


furnace parts and charging equipment for sintering UO, first wall, 


divertor, and limiter components for experimental fusion reactors 


Medicine 


13.2 Molybdenum (19-21) 


13.2.1 Properties 


Solution hardening and particle hardening 
are responsible for the strengthening of mo- 
lybdenum alloys. Commercially available mo- 
lybdenum alloys are listed in Table 13.3. The 
most commonly used is TZM, an alloy that is 
particle-hardened with carbides, It has a high 
heat resistance, a high creep resistance, favor- 
able welding properties, and a recrystalliza- 
tion temperature that is at least 300 °C higher 
than that of pure molybdenum (1100 °C). The 
MHC, ZHM, and TZC alloys are even more 
heat resistant due to their more stable carbides. 
Heat resistance can be increased even further 
by solution hardening with tungsten in alloys 
dispersion-hardened with hafnium carbide, 
ductility is, however, decreased. 


Alloying with rhenium increases the 
strength and ductility, the latter effect is espe- 
cially pronounced in alloys containing 40- 
50% rhenium. These alloys also have excel- 
lent welding properties. 

Doping with potassium silicate or potas- 
sium aluminum silicate and a high degree of 
deformation yield a material that forms large, 
oriented grains on recrystallization leading to 
excellent creep properties up to 1800 °C. 


Molybdenum-tungsten alloys are ex- 
tremely resistant to molten zinc and are there- 


rotating X-ray anodes, collimators 


fore used in zinc metallurgy for tanks, pipes, 
pumps, and stirrers. 


13.2.2 Uses 


Molybdenum is mainly used as an alloying 
element in steel, cast iron, and superalloys to 
increase hardenability, strength, toughness, 
and corrosion resistance. However, only the 
use of elemental molybdenum and molybde- 
num-base alloys is discussed in this section. 


Initially, molybdenum was primarily used 
in the lamp industry. It is, however, now an in- 
creasingly important material in a wide range 
of applications (Table 13.4). In high-tempera- 
ture applications, molybdenum competes with 
iron-, nickel-, and cobalt-base superalloys, ce- 
ramics, and other high-melting metals (tung- 
sten, tantalum, and niobium). Superalloys can 
be used up to 1200 °C; molybdenum materi- 
als, especially the carbide-hardened alloys and 
molybdenum doped with potassium silicate, 
show adequate heat resistance (Figure 13.3) 
and creep properties up to 1800 °C. The lack 
of resistance to oxidation should, however, al- 
ways be bome in mind. Molybdenum materi- 
als have a higher failure tolerance and 
ductility than ceramics and are less expensive 
than tantalum and niobium. Heating elements, 
thermal radiation shields, and furnace ware 
made of molybdenum are used, for example, 
in hot isostatic presses, sintering furnaces for 
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the ceramic industry, and heat treatment fur- 
naces. 
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Figure 13.3: Tensile strengths of 1-mm thick molybde- 
num and TZM sheets as a function of temperature: a) 
TZM subjected to stress-relieving annealing, b) Molybde- 
num subjected to stress-relieving annealing; с) Recrystal- 
lized TZM, d) Recrystallized molybdenum. 


Molybdenum is resistant to corrosion by 
most glasses and is therefore used as an elec- 
trode material in electric glass-melting fur- 
naces. Glass produced in such furnaces is of 
better quality than that produced in fuel-fired 
furnaces and the process is more acceptable 
environmentally. 


Crucibles and mandrels used to draw quartz 
glass or crucibles used for making single sap- 
phire crystals have to withstand temperatures 
up to ca, 2100 °C. Molybdenum ribbon is used 
for electrical lead-in (e.g., in halogen lamps). 
In this application a vacuum-tight seal is 
formed by squeezing the quartz tubing around 
the ribbon at high temperature (ca. 2100 °C) 
and pressure. The high heat resistance of mo- 
lybdenum and its low coefficient of thermal 
expansion are important prerequisites for 
these applications. 


Electronic applications have and will con- 
tinue to be a high-growth market for molybde- 
num parts. Molybdenum disks are used as 
base plates and heat sinks for power transis- 
tors and silicon rectifiers. 


Molybdenum is also an important sputter- 
ing target material for electronic applications, 
mainly for codeposition of MoSi, films from 
ultra-high-purity molybdenum and silicon tar- 
gets. Integrated circuits employing these films 
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have low parasitic capacitances апа also low 
gate and interconnection propagation delays. 

Molybdenum layers produced by thermal 
spraying possess exceptionally good sliding 
properties and high abrasion resistance. They 
are deposited on machine components, espe- 
cially car engine parts such as piston rings, 
synchrorings, and selector forks. 

More than 80% of the rotating X-ray an- 
odes currently used in clinical diagnostics are 
made of molybdenum alloys. Loading can be 
increased by a thin tungsten rhenium layer on 
the molybdenum body. Rhenium in tungsten 
has the same effect on ductility as rhenium in 
molybdenum and decreases the susceptibility 
to cracking initiated by thermal stress. Brazing 
a thick graphite disk onto the back of a target 
increases its heat and emission capacity. 


13.3 Niobium 


Niobium has good resistance towards cor- 
rosive chemicals [22, 23] even at high temper- 
atures, and is therefore used in the 
construction of chemical equipment, though it 
is not quite so resistant as tantalum. The pro- 
cess of oxide dispersion hardening of niobium 
with titanium dioxide gives a material which 
can be used both for chemical equipment and 
for medical implants subjected to high me- 
chanical loading [24]. High-niobium alloys 
such as KBI 40/41 [25] can also be used under 
these conditions, for which formerly the more 
expensive metal tantalum had to be used. 

Because niobium has a low neutron capture 
cross section and is unusually resistant to- 
wards corrosion by liquid sodium, it is used in 
the pure state or as the alloy NbZrl in the nu- 
clear industry for the production of fuel ele- 
ment cans. This alloy is also used for the 
sealing caps of sodium vapor lamps. 

World consumption of niobium for the pro- 
duction of superconducting materials, such as 
Nb,Sn and NbTi is estimated to be 60-70 t/a. 

The addition of niobium to titanium-alumi- 
num alloys imparts the ductility needed to fab- 
ricate this material for the aircraft and space 
industry [26]. 


252 


Other newly developed alloys C 103 
(NbHfIOTiL) and Nb 752 (NbW 10Zr25) com- 
bined with a special coating technique enable 
niobium to be used in the manufacture of noz- 
zles and combustion chambers for rocket pro- 
pulsion [27]. 


13.4 Tantalum 


Tantalum-Based Alloys. The most common 
tantalum alloy is Ta-2.5W, produced by ingot 
melting. This has higher strength and resis- 
tance to deformation than pure tantalum, but 
still has good cold working and welding prop- 
erties. It is used for the construction of indus- 
trial chemical equipment, especially heat 
exchangers, pipes, and vessels. Its resistance 
to hot mineral acids (except hydrofluoric acid) 
is even somewhat greater than that of pure tan- 
talum [28]. The alloy Ta-7.5W, produced by 
powder metallurgy, is harder, and is therefore 
a preferred material for springs in chemical 
equipment, e.g., valves. The alloy Ta-10W, 
mainly produced by ingot melting, is rela- 
tively hard, but still ductile. This, too, is used 
for special applications in chemical equip- 
ment, and in aircraft construction [28, 29]. For 
cost reasons, tantalum-niobium alloys have 
been proposed for chemical plant, but these al- 
loys, Ta-40Nb [29] and Nb-25Ta [30], are 
less resistant to corrosion by hot acids. 


The alloys Ta-8W-2Hf (T-111) and Ta- 
9.6W-2.4Hf-0.01C (T-222), which have good 
machining and high-temperature properties, 
were developed for use in air- and spacecraft, 
e.g., in nozzles, and for cladding the interior of 
combustion chambers and the exterior of rock- 
ets [31]. 

Earlier research led to the development of 
many other binary and ternary alloys of tanta- 
lum with Nb, W, Mo, Hf, and V [32, 33], Hf, 
W, and Al [34], or Ti and Al [35]. Some of 
these alloys have improved high-temperature 
properties and oxidation resistance compared 
with pure tantalum, but have not achieved in- 
dustrial importance. 
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Superalloys. In superalloys, tantalum contrib- 
utes mainly to properties such as high-temper- 
ature strength, reduction in fatigue at high 
temperature, and reduction of corrosion by sea 
air. Superalloys are metallic multicomponent 
materials, with nickel, cobalt, or iron as the 
main constituent, and additions of tantalum, 
aluminum, chromium, hafnium, molybdenum, 
niobium, rhenium, titanium, tungsten, zirco- 
nium, etc., developed for use at high operating 
temperatures and under high mechanical 
stress. Components, produced by forging, 
casting, or powder metallurgy, are used in air- 
craft engines and stationary gas and steam tur- 
bines. These conventional superalloys contain 
up to 9% tantalum (e.g., TRW-NASA VI A, 
MAR-M 302) [36]. The manufacture of sin- 
gle-crystal components, e.g., for turbine 
blades, and the directional solidification of su- 
peralloys specially developed for this tech- 
nique (e.g., Rene 142, with 6.5% Ta and PWA 
1480 with 12% Ta) are processes of increasing 
importance [37, 38]. 

The effect of tantalum in the nickel-based 
superalloys B-1900 (4% Ta) and MAR-M 247 
(3% Ta) has been systematically investigated. 
The favorable high-temperature properties are 
mainly due to the y’-phase of the type Ni,(Al, 
Ti, Ta), formed by precipitation from the y- 
phase. Tantalum increases the volume fraction 
of the y'-phase in the y’/y ratio. For the most 
part, it appears in this phase without changing 
the partitioning ratios of the other elements. A 
small part of the tantalum appears in the metal 
carbide fraction, which improves the high- 
temperature strength [39, 40]. As well as the 
composition of the material or component, a 
multistage heat treatment is very important for 
optimization of y'-phase precipitation. 


13.5 Zirconium and Hafnium 


13.5.1 Zirconium 


Zirconium is produced almost exclusively 
as the hafnium-free metal. Most of this metal 
is used in zirconium alloys containing low lev- 
els of tin or niobium, for structural parts in the 
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core of water-moderated nuclear reactors. For 
this use, zirconium has several desirable at- 
tributes: it is ductile, i.e., it can be formed. It 
has good strength up to 450 °C, i.e., it does not 
deform at reactor core temperature. Its alloys 
have hot-water and steam corrosion resis- 
tance, 1.е., it lasts a long time in normal use. It 
has low thermal neutron cross section i.e., 
neutrons are not absorbed, shutting down the 
nuclear reaction. Its ore is readily available. 

Zirconium is used for building chemical 
process equipment for those applications 
where its corrosion resistance is needed. In hot 
sulfuric acid up to 65% concentration, zirco- 
nium is used in facilities which produce hy- 
drogen peroxide, acrylic films and fiber, 
methyl methacrylate, and butyl alcohol. Zirco- 
nium is used in the cooler condenser on a ni- 
tric acid absorption column. The operation 
conditions are 200 °C and 1035 MPa. One 
condenser constructed with zirconium tubes 
and zirconium/304L stainless steel explosion- 
bonded tubesheets contains over 18 km of zir- 
conium tubing and has been in service for 
twelve years. Zirconium is used in contact 
with ammonium carbamate in urea produc- 
tion, in production of acetic and formic acid, 
and in many hydrochloric acid environments. 
In these applications zirconium's corrosion re- 
sistance is excellent and the long life of the 
equipment has justified the use of zirconium. 

Zirconium foil, 0.002 mm, is used as the ig- 
nition-flash material in photographic flash 
bulbs, just as zirconium powder used to be one 
ingredient in the old open “flash pans” of ear- 
lier photographers, but this usage is fading be- 
cause of built-in electronic flashes in newer 
camers. Zirconium powder is still used in py- 
rophoric applications. 

Zirconium and zirconium alloys with alu- 
minum, iron, titanium, or vanadium are used 
for gettering in vacuum tubes [47], inert gases, 
and ultra-high-purity environments for the 
semiconductor industry [48]. Heated zirco- 
nium absorbs, traces of oxygen, nitrogen, car- 
bon monoxide, carbon dioxide, and water 
irreversibly. Hydrogen is reversibly adsorbed. 
The adsorbed materials diffuse into the bulk of 
the getter alloy, providing fresh surface for re- 
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newed adsorption. For ultra-pure inert gases, 
getters are used at the point of use to remove 
contaminants picked up from storage tanks or 
piping systems. Getters are used in gettering 
pumps for improving the quality of vacuum in 
ultra-high-vacuum systems. 

Zirconium in the forms of clean, chopped 
machining chips, crushed sponge or magne- 
sium-zirconium reguli turnings are often used 
in place of master alloys for zirconium addi- 
tions to steel melts, super alloys, and nonfer- 
rous alloys. 


13.5.2 Hafnium 


The major uses of hafnium involve the 
metal. The largest use is as an alloying addi- 
tive (1-2%) in nickel-based superalloys. 
These alloys are used in turbine vanes in the 
combustion zone of jet aircraft engines. Addi- 
tion of hafnium to some present-generation al- 
loys has raised the allowable service 
temperature by 50 °C, improving engine effi- 
ciency. Hafnium forms stable precipitates at 
grain boundaries, improving high-temperature 
creep strength. 

The second major use of hafnium is as con- 
trol-rod material in nuclear reactors. In early 
reactors, bare hafnium metal in long cruciform 
shape was used because of the excellent hot- 
water corrosion resistance, good ductility, and 
machinability of hafnium, as well as its high 
thermal neutron absorption cross section. 
Hafnium clad in stainless steel is now replac- 
ing stainless steel-clad silver-indium-cad- 
mium and stainless steel-clad boron carbide in 
some commercial nuclear power plants. 

Hafnium is also used as an alloying element 
in niobium, tantalum, titanium, molybdenum, 
and tungsten alloys, as well as some new 
nickel aluminides. 

Hafnium and hafnium-zirconium alloys 
have been suggested for use in spent nuclear 
fuel storage racks, and for tanks and piping in 
spent fuel reprocessing plants because of the 
neutron absorption capability of hafnium and 
its resistance to nitric acid. For a while, shred- 
ded hafnium foil was used instead of zirco- 
nium foil as fuel in some photographic 
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flashbulbs because hafnium provided a higher 
intrinsic color temperature and a greater light 
output. Pure hafnium has also been used as the 
active tip for plasma arc cutting tools. 


13.6 Vanadium 


13.6.1 Production of Vanadium 
Master Alloys 


Vanadium—Aluminum Master Alloys. In the 
production of vanadium-containing titanium 
alloys, especially TiAl6V4, the vanadium is 
added as a vanadium aluminum alloy. The Al- 
V phase diagram (Figure 13.4) shows a higher 
solubility of aluminum on the vanadium-rich 
side. This results in a wide range of composi- 
tion in which vanadium—aluminum alloys can 
be produced: 


VAI 40/60 38-42% V 
VAI 50/50 45-54% У 
VAI 65/35 50-65% V 
VAI 80/20 78-82% V 
VAI 85/15 83-87% V 


Vanadium-aluminum alloys are produced 
aluminothermically. The excess heat produced 
in this self-sustaining reaction is controlled by 
slow charging of the reaction mixture. The va- 
nadium-aluminum alloys have a lower den- 
sity than vanadium (6.11 g/cm’). The melting 
points of the alloys decrease with increasing 
aluminum content: 

Density, g/cm? Melting range, °C 


VAI 80/20 (85% V) 5.2 1850-1870 
VAI 40/60 (40% V) 3.8 1360-1520 


Because of the small difference between 
the density of the metal and the slag, poor sep- 
aration or inclusions of slag in the metal can 
occur in the aluminothermic process. As tita- 
nium alloys are used in highly stressed ma- 
chinery and equipment, the master alloys used 
are subject to strict quality control and must be 
free of oxidic inclusions and impurities, espe- 
cially heavy metals. 

Vanadium-aluminum master alloys can 
also be produced in water-cooled copper 


Alloys 


molds, preventing contamination by impuri- 

ties from slag and refractory oxides in the fur- 

nace lining [50]. However, the higher cooling 

rate can lead to inclusion of process slags. 
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Figure 13.4: Phase diagram Al-V [49]. 


Nitrogen-Containing Vanadium Master Al- 
loys. As vanadium is a strong nitride former, 
vanadium-containing alloying agents can be 
nitrided and used for alloying steels with va- 
nadium and nitrogen. Examples of nitrogen- 
containing alloys are ferrovanadium-nitrogen 
and manganese-vanadium-nitrogen [51]. 


Other commercial alloys are listed in the fol- 
lowing: 


VAIFe 69% V, 19% Al, 12% Fe 
VAISn 43% V, 43% Al, 14% Sn 
VCIAI 50% V, 40% Cr, 10% Al 
VCo 50% V, 50% Co 


VNi 65% V, 35% Ni 
VMoAI 50-54% V, 26% Mo, 22% Al 


13.6.2 Uses 


Vanadium is mainly used as an alloying cle- 
ment in the steel industry, other major areas of 
use are [52, 53] 


Steel ca. 8596 
Nonferrous alloys ca. 996 
Chemical industry ca. 4% 
Others ca. 296 


The second largest use area is in nonferrous 
alloys, mostly vanadium-containing titanium 
alloys and nickel-based superalloys for the 
aerospace industry. Additional uses are in va- 
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nadium-containing alloys for batteries and in 
grain refining of aluminum alloys. Vanadium 
compounds, principally the oxidation catalyst 
V.O,, account for only ca. 3% of vanadium 
consumption [44]. 


Addition to Steel. Vanadium is added to steel 
mainly as ferrovanadium; technical vanadium 
carbide and vanadium carbonitride are also 
used. For the simultaneous addition of vana- 
dium and nitrogen, nitrogen-containing Fe-V 
alloys are available. 


Even small additions of vanadium increase 
the tensile strength and high-temperature 
strength of carbon steel [41, 63], and it has a 
grain refining and dispersion hardening effect 
in tempering steels. 


Addition to Titanium. Alloying with vana- 
dium improves the properties of titanium. The 
most important alloy is TiAl6V4, which has 
good strength properties at room temperature 
and good creep resistance. It is mainly used as 
a wrought alloy and casting alloy in airframe 
construction for load-bearing components and 
fixing devices, and in compressor disks and 
blades in jet engines. Other areas of increasing 
importance include power stations, shipbuild- 
ing, and reactor technology [45]. Other vana- 
dium-containing titanium alloys with similar 
strength properties to TiAl6V4 include 
TiAI3 V2.5, TiV15Cr3Sn3Al3, TiVIOFe2AI3, 
TiAl6V6Sn2, as well as TiVI3Cr11AI3 (54, 
55]. 

In light, corrosion-resistant titanium alu- 
minides (intermetallic y-TiAl phase) with 
high-temperature strength, small amounts of 
vanadium (as well as of chromium and man- 
ganese) increase ductility at room tempera- 
ture, which is an important criterion for 
usability and workability of this otherwise 
brittle material [56]. 


Other Uses. Alloys for Batteries. Intermetallic 
phases of the ZrV, type (Laves phases), in 
which vanadium is substituted partially by, 
e.g., Ni, Cr, Ti, or Mn, are used as electrode 
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materials in metal hydride/nickel hydroxide 
batteries [57]. 


Coating materials containing vanadium 
and vanadium compounds are used in the elec- 
tronics and glass industries as well as for wear 
protection. 


Gettering materials based on Zr-V-Mn or 
Zr-V-Fe alloys are used for gas purification 
and for improving vacuums. The main compo- 
nent of these alloys, which contain up to 3096 
vanadium, is zirconium [58]. Gettering mate- 
rials are specially adapted to individual appli- 
cations; thus, with the exception of some 
products of the company SAES Getters, only a 
few standard alloys are marketed. 


Vanadium Metal and Alloys. The use of va- 
nadium as a principal component of alloys is 
in its infancy. As vanadium has higher thermal 
conductivity and strength and lower thermal 
expansion and density than stainless steel 
[59], it has been considered for cladding nu- 
clear fuels for sodium-cooled fast breeder re- 
actors, in the form of either pure metal or an 
alloy. In the United States, in the late 1960s, a 
large-scale development program on vana- 
dium alloys was undertaken by the Atomic 
Energy Division at Westinghouse. Wide-rang- 
ing cooperative research projects in Germany 
in 1964—1971 are reported in [46, 60, 61]. A 
comprehensive review of these developments 
can be found in [42]. 


Of the vanadium alloys investigated, those 
in which titanium, niobium, chromium, and 
zirconium are the alloying elements seem the 
most promising. 


The behavior of vanadium and its alloys in 
contact with lithium and sodium is described 
in [43, 61]. The effect of irradiation by neu- 
trons on the strength properties of vanadium 
and its alloys is described in [62]. 


A further possible application of vanadium 
is in superconductivity. Vanadium-gallium al- 
loys with composition V4Ga are well known, 
but vanadium niobium alloys containing 30% 
Nb and vanadium-hafnium/zirconium alloys 
also have good superconducting properties. 
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13.7 Rhenium 


13.7.1 Rhenium as an Alloying 
Component 


When rhenium is used as an alloying com- 
ponent with the metals tungsten and molybde- 
num, which are difficult to work, ductility and 
strength are improved [64]. This 18 caused by 
alloy softening, which is defined as the reduc- 
tion in the yield stress or hardness at low tem- 
perature. This effect is observed especially in 
body-centered cubic alloys. In addition to the 
improvement in ductility at low temperature, 
the strength at high temperature increases 
[65]. Tungsten rhenium alloys containing 25- 
30% Re have good cold ductility [66]. As in- 
dicated in Figure 13.5, rhenium is very soluble 
in tungsten, its solubility reaching 28% at 
1600 °C and 37% at 3000 °C. Tungsten is also 
soluble in rhenium: 11% at 1600 °C and 20% 
at 2825 °C. Besides a tetragonal o-phase, a cu- 
bic x-phase exists in a very narrow range in 
the W-Re system [67]. 
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Figure 13.5: Tungsten-rhenium phase diagram [67]. 


The poor welding properties of common 
molybdenum alloys limit their use in high- 
temperature applications. The addition of rhe- 
nıum enables these alloys to be welded and 
used as construction materials. Molybdenum 
rhenium alloys containing up to 50% Re show 
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high tensile strength and good elongation over 
the temperature range 0-1800 °C [68]. 


Superalloys must have not only high 
strength, but also good corrosion resistance at 
elevated temperature. They may be divided 
into three groups: nickel-base alloys, cobalt- 
base alloys, and iron (nickel)-base alloys. 


Other typical alloying elements include 
chromium, molybdenum, tungsten, niobium, 
tantalum, aluminum, titanıum, boron, and zir- 
conium. The addition 1-3% Re to a nickel- 
base alloy improves its toughness at high tem- 
perature and prevents fatigue fracture [69]. 


13.7.2 Uses 


Rhenium in the form of the powdered metal 
or pellets is incorporated into alloys by vari- 
ous methods. The W-Re and Mo-Re alloys 
are used mainly in the manufacture of thermo- 
elements. Other uses include semiconductors, 
heating elements, electrical and electronic ap- 
plications, high-temperature welding rods, 
and metallic coatings [70]. 


Tungsten-rhenium alloys (W5Re, WIORe) 
are used in the manufacture of rotating X-ray 
anodes. For normal X-ray diagnosis, compos- 
ite anodes, consisting of a very hard molybde- 
num base with an annular W-Re coating, are 
used. Computer tomography requires larger 
anodes, made by using a hybrid metal graphite 
construction combined with a W-Re coating 
[71]. An alternative technique is to deposit the 
metals or alloys by CVD or PVD processes 
[72]. 

Nickel-base alloys containing 1-3% Re are 
used mainly in the production of aircraft tur- 
bine blades. They are monocrystalline and 
have high strength and resistance to oxidation. 
When these turbine blades are used in the hot 
zones of an engine, operating temperature can 
be increased, giving higher efficiency (lower 
fuel consumption). Similar effects are 
achieved by coating the gas turbine blades 
with rhenium-containing (1-20% Re) 
MCrAIY alloys [73]. 


Refractory Metals 


13. 


1. 


22. 
23. 
24. 


25. 


26. 


. Metallwerk Plansee, 


. Gesellschaft für Elektrometallurgie, 


8 References 


S. W. H. Yih, C. T. Wang: Tungsten: Sources, Metal- 
lurgy, Properties and Applications, Plenum Press, 
New York-London 1979. 


. F. Benesovsky (ed.): Pulvermetallurgie und Sinter- 


werkstoffe, 3rd ed., Metallwerk Plansee GmbH, 
Reutte, Austria, 1982. 


. J. P. Wittenauer, T. С. Niem, J, Wadsworth, Adv. 


Mater. Process. 9 (1992) 28. 
Fansteel Inc., Fansteel Corrosion Prevention Prod- 
ucts, company brochure. 


. Fansteel Inc., Fansteel “61” Metal, company bro- 


chure, 1973. 


. Fansteel Inc., Fansteel "63" Metal, company bro- 


chure, 1973. 


. Metaliwerk Plansee, Tantal- und Nioblegierungen, 


Planseeinformationen 16/82, Reutte, Austria, 1982. 


. D. V. Edmonds, /nt. J. Refr. Met. Hard Mat. 10 
(1991) 15. 
. Metallwerk Plansee, Densimet  Schwermetall- 


Legierungen, company brochure, Reutte, Austria, 
1982. 

Elmet Kontaktwerkstoffe, 
company brochure, Reutte, Austria 1982. 


. E. Pink, L. Bartha: The Metallurgy of Doped Non- 


Sag Tungsten, Elsevier, London 1989. 


. B. Zeiler, W. D. Schubert, B. Lux, /nt. J. Refr. Met. 


Hard Mat. 12 (1993) 9-16. 


. Treibacher Chemische Werke, Lieferprogram Wol- 


fram-Melting Base, Treibach 1991. 
Lieferpro- 
gramm, Nürnberg 1989. 


. F. Binder, Metall (Berlin) 32 (1978) 1269-1273. 
. W. Mayer, Erzmetall 35 (1982) 343—346. 
. J. Becvar, Freiberg. Forschungsh. В B259 (1987) 


61-71. 


. J. Eube in: Stahl, Tabellenbuch für Auswahl und An- 


wendung. DIN, Ist ed., Verlag Stahleisen, Düssel- 
dorf 1992. 


‚ К. Eck, J. Tinzl, /2th International Plansee Semi- 


nar, Proc. 1 (1989) 829-843. 


. J. Wadsworth, T. С. Nieh, J. J. Stephens, /nt. Mat. 


Rev. 33 (1988) no 3, 131-150. 


. T. J. Patrician, V. P. Sylvester: "Physical Metallurgy 


and Technology of Molybdenum and its Alloys", 
Proc. of Symp. AMAX Material Research Center, 
Ann Arbor, Michigan 1985, pp. 1-11. 

R.W. Balliett, M. Coscia, F. J. Hunkeler, J. Met. 38 
(1986) no.9, 25-27. 

D. Lupton, F. Aldinger, K. Schulze: "Niobium in 
Corrosive Environments" in H. Stuart (ed.): Nio- 
bium-Proceedings of the International Symposium, 
New York 1984, pp. 533-560. 

U. Gennari, E. Kny, T. Gartner: "Niobium-Titanium 
Oxide Alloy", Proceedings of the International 
Plansee Seminar 89, voi. 3, 1989, pp. 587-614. 
Tantalum Niobium International Study Center Brus- 
sels, Belgium: TiC Bulletin no. 46 (1986) 6-7. 

H. Inouye: “Niobium in High Temperature Applica- 
tions" in H. Stuart (ed.): Niobium-Proceedings of 
the International Symposium, 1984, pp. 615-636. 


27 


28. 
29. 
30. 


31. 
32. 


33. 
34. 


35. 


36. 


37. 


38. 


39. 


55 


257 


. J. Lambert, "Aerospace brightens for Columbium, 
Tantalum + Columbium”, Supplement to American 
Metal Market, New York 1988. 

R. B. Flanders, Chem. Eng. (1979) Dec. 17, 109- 
110. 

М. Schussler, J. Refr. Hardmet. 2 (1983) по. 2, 67- 

70. 

A. Robin, M. E. de Almeida, C. A. Nunes, Corro- 

sion (Houston) 47 (1991) no, 6, 443-448. 

Chem. Eng. News 42 (1964) no. 38, 47. 

Е. Е. Schmidt, E. S. Bartlett, Н. R. Ogden, Trans. 

Soc. Min. Eng. AIME 227 (1963) 856-864. 

Batelle Tech. Rev. 12 (1963) no. 1, 12-13. 

H. R. Babitzke, J. G. Croeni, Rep. Invest. US Bur. 

Mines 7116 (1968) 1-14. 

Batelle Tech. Rev. 13 (1964) no. 2, 12. 

E. F. Bradley: Superalloys — A Technical Guide, 

ASM International, Metals Park, ОН, 1988, pp. 10— 
14. 

E. ХУ Ross, K. 8. O'Hara: "René' 142: A High 

Strength, Oxidation Resistant DS Turbine Air-Foil 

Alloy", in: "Superalloys 1992", Proc. 7th. Int. 

Symp. Superalloys 1992, 257—265. 

A. D. Cetel, D. N. Duhl: "Second Generation Co- 

lumnar Grain Nickel Base Superalloy”, in: "Super- 

alloys 1992", Proc. 7th Int. Symp. Superalloys 1992, 

287-296. 

Z. Meng, G. Sun, M. Li: "The Strengthening Effect 

of Tantalum in Nickel-base Superalloys”, in: “Su- 

peralloys 1984", Proc. 5th Int. Symp. Superalloys 

1984, 563-572. 

. G. M. Jankowski, В. W. Heckel, В. J. Pletka, Metall. 
Trans. А 17A (1986) 1891-1904. 

‚В. Kieffer, О. Jangg, P. Ettmayer: Sondermetalle, 
Springer Verlag, Wien 1971. 

. D. L. Harrod, К. F. Gold, Int. Met. Rev. 25 (1980) 
163-221. 

. R. L. Ammon, Int. et. Rev. 25(1980) 255-268. 

. M. Rühle, Metall (Berlin) 35 (1981) 1168-1172, 
1282-1285. 

. Bundesanstalt für Geowissenschaflen und Roh- 
stoffe: Untersuchungen über Angenot und Nach- 
frage mineralischer Rohstoffe, XIV; Vanadium, 
Berlin-Hannover 1981. 

. M. Rühle, Metall (Berlin) 33 (1979) 140-147. 

‚ R. I. Jaffee іп Z. M. Shapiro in B. Lustman, F. 
Kerze, Jr. (eds. The Metallurgy of Zirconium, 
McGraw-Hill, New York 1955, pp. 26-29. 

. D. A. Lorimer, E. J. Baker, M. Succi, D. K. Weber, 
Solid State Technol. 33 (1990) 77-79. 

. J. F. Smith: Phase Diagrams of Binary Vanadium 
Alloys, American Society for Metals Int., Met. Park, 
OH, 1989. 

. F. H. Perfect, Trans. Metall. Soc. AIME 239 (1967) 
1282-1286. 

. Ges. f. Elektrometallurgie, DE 1558500, 1967. 

. R. Hähn: “Vanadin-Gewinnung und Verwendung", 
Erzmetall 40 (1987) no. 6, 298. 

. O. E. Kraus, Stahl Eisen 109 (1989) no. 11, 547- 
552. 

. H. B. Bomberger, F. H. Froes, P. H. Morton: “Tita- 
nium - A Historical Perspective, Titanium Technol- 
ogy: Present Status and Future Trends", Tit. Dev. 
Ass. 1985. 

. K. Rüdiger, DVS-Ber. 53 (1978) 39-47. 


258 


56. 
57. 


58. 
59. 
60. 
61. 
62. 


63. 
64. 


65. 


Y.-W. Kim, J. Met. 46 (1994) no. 7, 30. 

A. Züttel, F. Meli, L. Schlapbach, Z. Phys. Chem. 
(München) 183 (1994) 355. 

K. Ichimura, M. Matsuyama, K. Watanabe, J. Vac. 
Sci. Technol. А 5 (1985) no. 2,3-4. 

F. L. Yaggee, E. R. Gilbert, J. W. Styles, J. Less- 
Common Met. 19 (1969) 39-51. 

M. Schirra, Metall (Berlin) 33 (1979) 455-465. 

H. U. Borgstedt, Metall (Berlin) 33 (1979) 264-266. 
R. E. Gold, D. L. Harrod, Int. Met. Rev. 25 (1980) 
232-254. 

Combustion Engineering, US 4486400, 1984. 

G. A. Geach, J. R. Hughes in F. Benesovsky (ed.): 
The Alloys of Rhenium and Molybdenum or with 
Tungsten and Having good High-Temperature Prop- 
erties, Plansee Proceedings, Pergamon Press, Lon- 
don 1955, pp, 245-253. 

E. Pink, R. J. Arsenault, Prog. Mater. Sci. 24 (1979) 
1-52. 


Alloys 


. 1. E. Peters, J. of Met. (1969) April, 27-30. 

. J. M. Dickinson, L. S. Richardson, Trans. Am. Soc. 
Met. 51 (1959) 758. 
8. V. Nagender Naidu, Р. Rama Rao, J. Alloy Phase 
Diagrams 6 (1990) no. 3, 129-136. 


‚ R. Eck. Int. J. Refract. Hard Met. 5 (1986) no. 1, 43- 
48. 


. General Electric Comp., EP 0403681 Al, 1990 (M. 
F. Henry). 

. H. Cross Comp.: Rhenium and Rhenium Alloys, 
Weekhawken, NJ. 

. H. Bildstein, BHM, Berg Hüttenmänn. Monatsh. 
136 (1991) no. 9, 359-361. 

. Metallwerk Plansee, ЕР 0399621 Al, 1990 (P. 
Rédhammer). 

. Siemens AG, EP 0412397 Al, 1991 (N. Czech). 

. М. N. Greenwood, A. Earnshaw: Chernistry of the 
Elements, Pergamon Press, Oxford 1984. 


Alloys : Preparation, Properties, Applications 


Edited by Fathi Habashi 
copyright © WILEY-VCH Verlag GmbH, 1998 


14 Nuclear Reactor Alloys 


MARTIN Peens, SABINE WALTER, THOMAS WALTER (8 14.1); WoLraana Stott (8 14.2); Lommar Koch (8 14.3) 


14.1 Uranium ........................ 259 
14.1.1 Сіаѕѕійсайом.................. 259 
14.1.2 Production of Important Alloys.... 261 

14.2 Тіопішп......................... 261 
1421 Thorium and Carbon ............ 261 
14.2.2 Thorium and Nitrogen........... 263 
14.2.3 Thorium and Aluminum ......... 263 


14.24 Corrosion-Resistant Thorium Alloys 263 
14.2.5 Thorium Alloys Used in Thorium 
Production and Nuclear Applications 263 
14.2.6 Alloys Containing Low 
Concentrations of Thorium ....... 265 
143 Plutonium ....................... 265 
14.4 Кегегепсев....................... 268 


14.1 Uranium 


14.1.1 Classification 


Light-water reactors, in which the nuclear 
fuel is ОО,, now dominate the power genera- 
tion market, so uranium metal and uranium al- 
loys have lost much of their industrial 
importance, although they are still used in ma- 
tenals testing reactors (MTRs), high-flux re- 
actors, submarine reactors, and as shielding 
materials for radiation sources and irradiation 
equipment. Thus, only a small number of ura- 
nium alloys are still of interest. These can be 
classified as follows. 


Metallurgical Mixtures of Mutually Insolu- 
ble Metal Phases. In this group of alloys, the 
components are mutually insoluble in the mol- 
ten state (1f solubilities in the part-per-million 
range are ignored) and form neither solid solu- 
tions nor mixed phases. Metals of technical 
importance include calcium and magnesium, 
which are used for reduction of UF,. Reduc- 
tion with calcium gives uranium metal con- 
taining « 20 ppm Ca. This group also includes 
thorium, which has a maximum solubility of 
0.3% in uranium at 900 °C. 


Metals That Form Definite Intermetallic 
Phases with Uranium. These elements form 
definite intermetallic phases, but not solid so- 
lutions, with uranium. The only member of the 
group of current interest 1s carbon. Zirconium 


is of minor importance. The phase diagram of 
U-C (Figure 14.1) shows various uranium 
carbides that could be of importance as 
breeder reactor fuels. Even low carbon con- 
tents in uranium (« 500 ppm) cause the metal 
to be hard and brittle. Machining of uranium 
containing > 0.2% C is practically impossible. 


Metals That Form Solid Solutions. These 
metals are more or less mutually soluble but 
do not form solid intermetallic phases. They 
include chromium, silver, lead, molybdenum, 
niobium, titanium, tantalum, vanadium, and 
tungsten. Only molybdenum is of industrial 
importance since additions of 2-8% molybde- 
num to uranium impart improved corrosion re- 
sistance. Uranium-molybdenum alloys сап be 
used, therefore, as shielding materials for 
medical radiation equipment and in aircraft 
trimming weights, items that should not cor- 
rode in air. 


Elements That Form Both Solid Solutions 
and Intermetallic Phases. These include alu- 
minum, silicon, nitrogen, iron, gold, beryl- 
lium, manganese, nickel, and hydrogen. The 
most important metal in this group is alumi- 
num because A]-U alloys can be used in spe- 
cial applications such as materials testing and 
high-flux reactors. The AI-U phase diagram is 
given in Figure 14.2. Work published in the 
late 1980s on the phase diagram gives slightly 
different results for the solidus-liquidus tran- 
sition in medium-concentration regions [2]. 
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Figure 14.1; U-C phase diagram [1]. 
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14.1.2 Production of Important 
Alloys 


U-Zr alloys are produced from the elements 
in metallic form. The best process is arc melt- 
ing with consumable electrodes [3]. A homo- 
geneous alloy is obtained by remelting the 
product two or three times by the same 
method. Final processing is by hot pressing, 
cutting, or machining. 


U-Zr hydride is produced by hydrogenation 
of the U-Zr alloy at 300-900 °C. Since the ab- 
sorption of hydrogen causes swelling, the pro- 
cess must occur slowly enough to ensure that 
the stresses produced relax without causing 
cracking [3]. To be able to control the hydro- 
genation process by means of the H, partial 
pressure, detailed knowledge of the U-Zr-H 
system is necessary, including the phase dia- 
gram and the H, partial pressure of the hy- 
drides ZrH, [4]. Also, the level of impurities 
such as iron must be kept as low as possible 
because iron melts out locally as a low-melt- 
ing U-Fe alloy during conversion of the U-Zr 
alloy into U-Zr hydride. 


Uranium Silicides. For production of U,Si, a 
mixture of uranium and silicon metal in the 
correct proportions is melted in a lined graph- 
ite crucible at 1640-1700 °C for ca. 10 min. 
The material is then cast in a graphite mold to 
form rods. The cast structure consists of s- 
U,Si, in a uranium matrix. The precipitated 
grains of e-U,Si, are surrounded by a layer of 
5-U,Si. The size and shape of the grains of £- 
U,Si, depend on cooling conditions. Hollow 
pellets can be prepared by casting in a suitable 
mold, although the material shrinks onto the 
core and the latter is then difficult to remove. 
A better method seems to be drill a solid rod 
with a deep hole drilling machine. 


To convert the structure of the solid into a 
5-U,Si phase that is as homogeneous as possi- 
ble, it is annealed at 800-900 °C. The trans- 
formation is diffusion controlled and depends 
strongly on the form of the primary e-U,Si, 
precipitate in the cast structure. Optimum ho- 
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mogenization condition involves annealing at 
800-820 °C for 100 h [5]. 


U-Al Alloys. Aluminum alloys containing 
13-24% uranium are used in the production of 
fuel elements for materials testing reactors and 
high-flux reactors, or the compound UAI, to 
obtain higher uranium contents. Whereas the 
alloy can be melted and cast, production of 
UAI, leads to brittle button-like formations. 
These can be pulverized easily, and the pow- 
der is then pressed and sintered to form the 
fuel rad. 


14.2 Thorium 


Thorium has limited solubility in carbon 
and nitrogen, and can form compounds of me- 
tallic character with both elements, which are 
described below. 

Alloys and compounds in which the alloy- 
ing element vaporizes below the melting point 
of thorium cannot normally be produced. 
When the alloying elements have especially 
high melting points, impurities can be picked 
up from the crucible or electrode materials 
(e.g., W, Be, Zr, Cu, or C). 

This discussion is limited to alloys and 
compounds that produce improvements in the 
properties of thorium, especially its corrosion 
resistance and strength and hardness proper- 
ties. 


14.21 Thorium and Carbon 


Carbon is usually present as an impurity in 
thorium. Thorium produced by decomposition 
of thorium iodide contains 0.01-0.05% C, and 
from halide reduction 0.03-0.12% C. Carbon 
is one of the few elements that increases hard- 
ness and age hardening properties of thorium. 
Of all the elements that improve steel proper- 
ties, only chromium can by itself (and even 
more in combination with carbon) produce 
comparable effects in thorium. Only indium 
seems to be more effective but is excluded 
from nuclear applications due to its neutron 
absorption. The other metals investigated (Ti, 
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V, Mo) have a minor hardening effect, proba- (Figure 14.3) shows the two compounds ThC 
bly due to the formation of carbides with the and ThC, The effect of temperature on the 


carbon in thorium. solubility of carbon in thorium is given below: 
However, the effect is partially negated by 20 °C 0.35% 

the hardness reduction caused by removal of Ae pa pare 

carbon. The Th-C constitutional diagram — 1215*C 0.9196 
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Figure 14.3: Phase diagram of the thorium—carbon system. 


Table 14.1: Mechanical properties of thorium-chromium-carbon alloys (arc melted, cold rolled about 85% and annealed 
30 min at 650 °C). 


Analyzed composition, % proportional Yield strength Tensile Elongation Reduction of dness* 
7 Cr € Jimi, MPa (0.2% offset), MPa strength, MPa (in2in.),% ^ area, % Hardness 
0.22 0.041 159.3 194.4 232.4 43.0 55.0 106 Ry 
0.28 0.112 182.7 222.7 272.3 42.0 35.0 55 Бұ 
0.78 0.104 195,8 248.9 317.8 35.5 56.0 58 Rg 
1,55 0.101 199.3 268.2 355.1 29.0 37.0 64 Rg 
2.42 0.001 221.3 285.4 386.1 32.0 36.0 68 Rg 
3.60 0.075 223.4 317.2 428.9 20.0 16.5 68 Ry 


а Б, = Rockwell hardness; Ry = Rockwell hardness В. 
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Table 14.2: Mechanical properties ofthorium-nitrogen alloys (hot rolled, cold rolled 50% and annealed 2 h at 850 °C). 


Nitrogen content, Yield strength Tensile strength, 
% (0.2% offset), MPa MPa 
Unalloyed 772 135.8 
0.17 113.1 205.5 
0.18 122.7 207.5 
0.41 130.3 233.0 


The hardening effect of carbon in the presence 
of chromium is shown in Table 14.1. (Chro- 
mium and thorium form a simple eutectic sys- 
tem without intermetallic compounds.) The 
hot forming property (> 700 °C) of thorium is 
not negatively affected at a carbon content s 
0.4%. 


14.2.2 Thorium and Nitrogen 


The solubility of nitrogen in thorium in- 
creases linearly with temperature, being 
0.05% at 850°C and 0.35% at 1500°C. In 
thorium formed by halide reduction, nitrogen 
is usually present only at levels of 0.02%. The 
strength of thorium-nitrogen alloys increases 
moderately with increasing nitrogen content 
(see Table 14.2). Precipitation hardening (age 
hardening) of the alloy after annealing at 
850 °C occurs only with quenching tempera- 
tures of < 300 °C. 


14.2.3 Thorium and Aluminum 


In the thorium-aluminum system, six defi- 
nite compounds are thought to exist. Of these, 
only ThAl, is well described. The solubility of 
aluminum in thonum is very low (0.6-0.7%), 
so that alloys containing small amounts of alu- 
minum are very brittle. The solubility of tho- 
rium in aluminum is even lower. Alloys 
containing > 10% aluminum decompose rap- 
idly in moist air, so that, unlike corresponding 
compounds of uranium and the higher ac- 
tinides, they will probably not be used in nu- 
clear technology. 


14.2.4 Corrosion-Resistant 
Thorium Alloys 


Small additions of alloying elements (to the 
extent permissible when thorium is used in nu- 


Elongation Reduction of area, 
(in 1 in.), % % Hardness, VHN 
44 60 45 
92 54 69 
23 54 68 
32 48 74 


clear technology) can give moderate improve- 
ments in resistance to corrosion by water. 
Improvements are obtained with carbon and 
beryllium at 100 °C and 200 °C, silicon at 
100 °C, and titanium and zirconium at 200 °C. 
All other alloying element tested thus far have 
shown either no effect or harmful effects. The 
carbide formers are the most important of 
these. 


14.2.5 Thorium Alloys Used in 
Thorium Production and Nuclear 
Applications 


Thorium and Zinc. The thorium zinc consti- 
tutional diagram (Figure 14.4) shows four 
compounds with intermediate eutectics. With 
30.5 atom% zinc, an alloy melting at only 
1055 °C is formed. This is utilized in the tho- 
rium production process. However, high tem- 
peratures are required to drive off residual 
zinc. 


Thorium and Beryllium. In casting opera- 
tions with BeO crucibles, thorium picks up 
0.02-0.06% Be as an impurity. However, be- 
ryllium, which has a high vapor pressure, can 
be driven off from the melt. The brittle com- 
pound ThBe,, is formed in analogy to beryl- 
lium compounds of other actinides, and the 
eutectic containing 1.75% Be melts at 
1215 °C. Corrosion properties of thorium are 
improved only with low concentrations of be- 
ryllium. 


Thorium and zirconium are mutually soluble 
in all proportions in the B-thorium region (Fig- 
ure 14.5). Zirconium concentrations of > 80% 
give good resistance to corrosion by water 
(hafnium behaves similarly to zirconium). 
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Figure 14.4: Phase diagram of the thorium-zinc system. 
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Figure 14.5: Phase diagram of the thorium-zirconium 
system. 


Thorium and Uranium. The constitutional 
diagram for the thorium-uranium system is 
shown in Figure 14.6. At the melting point of 
the eutectic (1270 °C), the solubility of ura- 
nium in a-thorium is only 2.5 atom%, while 
the solubility of thorium in uranium at 900 °C 
is only 0.3 atom%. Whereas all authors con- 
firm the existence of two eutectics, they are in 
agreement on the size of the miscibility gap 
only between 6 and 49 atom% Th. High ura- 
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nium contents harden thorium, and the addi- 
tion of small amounts of carbon leads to work 
hardening. The solubility of uranium in tho- 
rium is adequate for the production of 2330 in a 
breeding process, but this is of little signifi- 
cance in the presence of fission products. 
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Figure 14.6: Phase diagram of the thorium-uranium sys- 
tem. 
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Figure 14.7: Phase diagram of the thorium-plutonium 
system. 


Thorium and Plutonium. The thorium-plu- 
tonium system has been investigated only at 
the plutonium-rich end, as shown in Figure 
14.7. The region with high thorium content 
that is relevant to nuclear physics is so far un- 
known. Nothing is known about the effect of 
plutonium on the ß-phase of thorium (> 
1400 °C). The compound Pu;Th (orthorhom- 
bic, unit cell dimensions: a = 0.982 nm, 5 = 
0.8164 nm, c 0.6681 nm) forms a eutectic 
with plutonium at 7 atom% thorium, with a 
melting point of 615 °C. 
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14.2.6 Alloys Containing Low 
Concentrations of Thorium 


Thorium in low concentrations can be used 
similarly to cerium mischmetal as a hardness 
and hot-strength improver in magnesium and 
Mg-Zn alloys [6] and in aluminum alloys, 
whose seawater resistance is also improved. 
The added thorium is precipitated at the grain 
boundaries in the form of intermetallic com- 
pounds. These cause grain growth, although 
this can be counteracted by small additions of 
zirconium. 


Thorium was widely employed in light 
magnesium alloys used in automobile crank- 
cases produced by pressure die casting, and 
provided work-hardening properties and in- 
creased hot strength and creep resistance. The 
principal alloys used were of the type Mg-Zn- 
Th-Zr, which contained 0.15-3% thorium and 
up to 3% zinc. More than 100 t of thorium was 
used for this application. Although thorium 
gives the required properties at lower levels 
than those required with mischmetal, the latter 
is preferred for cost reasons. 


In general, small additions of thorium, like 
rare earth additions, increase the hot strength 
and antiscaling properties of many alloys. 
Such additions are therefore used in jet en- 
gines and in resistance heaters. The effect 1s 
due partly to deoxidation and partly to the for- 
mation of dense, adherent coatings of scale. 
Copper and silver become much harder with 
small additions of thorium. These alloys are 
used to produce "nonstick" electrical contacts 
with long lifetimes. Copper-thorium alloys 
are also used as welding electrodes. An inter- 
metallic compound of thorium with silver 
(Ag; Th,) is pyrophoric. Alloys of nickel with 
3% thorium form a good bond to ceramic bod- 
ies and are used for posts in dentistry [7]. 


Other intermetallic compounds with a 
promising future include ThMn,, as a material 
for permanent magnets [8]. Compounds of the 
type ThCr,Si, have been tested as supercon- 
ductors [9]. 
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14.3 Plutonium (0,11 


The formation of different phases with 
varying thermal expansion limits the use of 
plutonium metal. Therefore, alloys have been 
extensively studied for military applications 
and for use as nuclear fuels. 

The occurrence of intermetallic compounds 
can be summarized as follows: 

e Group 3, lanthanides, actinides, and group 
4: Either no intermetallic compounds are 
observed, or plutonium-rich phases with a 
broad range of existence are found. 

e Groups 5 and 6 do not form intermetallics. 

e Group 7: Only a Laves-phase-type com- 
pound PuM, exists; PuM, compounds are 
observed with most metallic elements. 

e Groups 8-12: With increasing valence, the 
occurrence of intermetallic compounds in 
the binary phase diagrams shifts from the 
plutonium-rich side toward lower plutonium 
concentrations. Exceptions are the systems 
Pu-Pd, Pu-Pt, and Pu-Au on the pluto- 
nium-rich side, and the occurrence of PuM, 
phases in group 8. 

e Groups 13 and 14: Although the system Pu- 
B can be fitted into the systematics of the 
previous category, intermetallics in groups 
13 and 14 spread across the whole concen- 
tration range. This is due to the occurrence 
of p-electrons in the base metals M. Com- 
pounds very rich in plutonium are absent; 
however, compounds of the type Ри,М and 
PuM, have been observed. 

e Group 15: These compounds form the bor- 
derline of intermetallic compounds. Beyond 
this, toward groups 16 and 17, saltlike com- 
pounds with covalent and ionic structures 
are observed. 

A compilation of phase diagrams and ther- 
modynamic properties of plutonium alloys 
can be found in [10, 11]. 

The plutonium-molybdenum system (Fig- 
ure 14.8) is an example of immiscibility in the 
solid state. On solidification, the six normal- 
pressure modifications of plutonium occur as 
separate phases besides molybdenum. The 
same general appearance is shown by the 
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phase diagrams of the systems Pu-Cr, Pu-Nb, 
Pu-Ta, Pu-V, and Pu-W. Some base metals of 
this category are useful as containers for liquid 
plutonium. 
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Figure 14.8: Plutonium-molybdenum phase diagram. 
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Figure 14.9: Plutonium-lanthanum phase diagram. 


The plutonium-lanthanum system (Figure 
14.9) is an example of systems that have a 
miscibility gap in the melt. In this system, no 
compound formation has been observed. Sim- 
ilar systems are Pu-Pr, Pu-Nd, Pu-Sm, and 
Pu-Y. 

The plutonium aluminum system (Figure 
14.10) and the plutonium-gallium system are 
typical examples of ö-retainer systems. In 
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both systems, the ö-phase is stabilized over a 
wide temperature range (from room tempera- 
ture to > 600 °C) and a high plutonium con- 
centration (3-10 atom% Al and 3-8 atom% 
Ga). Thus, these systems are useful for practi- 
cal applications of self-heating bulk quantities 
as in nuclear warheads, for example, where 
pure plutonium metal would change its geom- 
etry due to the differing expansion coefficients 
of the various phases. 

The plutonium-nickel system (Figure 
14.11) is a typical example of a system with an 
element of groups 8-10. Such systems are 
characterized by a large number of intermetal- 
lic compounds. The systems Pu-Fe, Pu-Co, 
Pu-Ru, Pu-Rh, Pu-Pd, Pu-Os, and Pu-Pt are 
similar. 
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Figure 14.10: Plutonium-aluminum phase diagram. 


As an example of high solubility in pluto- 
nium, the Pu-U system is shown in Figure 
14.12. Even though complete miscibility is 
Observed in this case, the system is unsuitable 
for practical applications because the phase 
transformations leading from one allotrope to 
the next occur throughout the whole concen- 
tration range, preventing the use of such alloys 
over a wide temperature range at high pluto- 
nium concentrations (> 70 atom% Pu) At 
lower plutonium concentrations, in the range 
of 35-70 atom% U, C-stabilization takes 
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place, and the G-phase is stable up to 600 °C limits its use as a nuclear fuel. The addition of 


near 65 atom% U. zirconium (ca. 10%) raises the melting point 
The Pu-U phase diagram exhibits many апа stabilizes the swelling behavior of the fuel 
phases, and the low melting point of the alloy under irradiation. 
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Figure 14.11: Plutonium-nickel phase diagram. 
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Figure 14.12: Plutonium—uranium phase diagram. 
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15.1 Introduction 
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The rare earth metals and their compounds 
are used in numerous areas of industry for a 
wide range of purposes. The most important of 
these include metallurgy, catalysts in the 
chemical industry, coloring of glass and ce- 
ramics, the production of magnets, and phos- 
phors. 

The importance of the rare earth metals in 
metallurgy is highlighted in [3, 4]. In 1990, ca. 
22% by volume of rare earth consumption in 
the United States was devoted to metallurgical 
end use. The equivalent volume usage in Ja- 
pan by contrast was ca. 10%. One of the most 
important areas of application, is based on 
their reactivity with water, hydrogen, nitrogen, 
sulfur, and the so-called tramp elements such 
as arsenic, antimony, and bismuth. Sulfur re- 
acts to form rare earth sulfides or oxysulfides 
in spheroidal form which are not deformed un- 
der rolling conditions, and which form solid 
particles at the temperature of molten steel, 
thus improving the hot formability and flexi- 
bility of microalloyed steels, and reducing 
anisotropy in the notched toughness test. Rare 
earths are used in the form of mischmetal con- 
taining principally Ce, La, and Nd. 

The addition of rare earth metals such as yt- 
trium and cerium, or cerium mischmetal im- 
parts improved oxidation resistance to heating 
element alloys, to substrate alloys for cata- 
lysts, and to superalloys. Rare earth metals im- 
prove the precipitation of spheroidal graphite 
in SG iron casting. Although for economic 
reasons cerium mischmetal is more often used 


in these applications than the pure rare earth 
metals, the pure metals can give better results 
when used separately. 


Addition of rare earths to copper and alumi- 
num alloys, used as electrical conductors, im- 
proves the mechanical properties. In China, an 
yttrium magnesium aluminum alloy has been 
developed for transmission cabling. Yttrium 
improves tensile strength, heat resistance, vi- 
bration resistance and can raise electrical con- 
ductivity by 50%. Creep resistance and tensile 
strength at high temperatures are improved by 
addition of rare earth metal (mainly neody- 
mium, praseodymium, and yttrium) to magne- 
sium alloys for pressure casting and aircraft 
construction. Recent investigations have 
shown significant improvements to high 
strength Al-Mg and Al-Li alloys by the addi- 
tion of scandium. Similar effects can be 
achieved with titanium and titanium alloys, 
and with alloys of niobium, tantalum, and va- 
nadium. 


The rare earth metals react readily with gas- 
eous elements, and are therefore used as get- 
ters. Their pyrophoric properties are utilized 
in friction igniters (“flints”) and in military 
projectiles. 

Alloys of the type LaNi, are capable of ab- 
sorbing hydrogen, even from mixtures with 
other gases, forming rare earth hydrides. 
These are used to store hydrogen reversibly. In 
these alloys La can be partially replaced by 
Ce, Pr, and Nd, and Ni by Co, Cr, Cu, Fe, or 
Mn. They can also be used to separate D, from 
Н, [5-8]. 
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Table 15.1: Characteristic properties of selected rare earth permanent magnetic materials. 


: Energy product Coercivity before po- Coercivity after po- 

Мапа (GH kJ?  Remanence B, mT n Hy, КАЎ larisation Hos kA/m 
SmCo, 160 920 2500 680 
(Sm, Pr, Со, 200 1050 1200 720 
(Sm, ,M,,)Co, 120 800 1000 580 
Sm(Co, Cu, Fe), 110 770 300 290 
Sm(Co, Cu, Fe, Zr), 240 1130 580 540 
Sm(Co, Cu, Fe, Zr); , 210 1080 800 780 
NdFeB 300 1300 1000 700 
NdDyFeB 250 1100 2000 880 


Rare earth alloys with 3d transition ele- 
ments have magnetic properties [2, vols. 14, 
16; 9, 10]. These alloys are of the type REA; 
or RE;A,;, in which the rare earth metals сап 
be cerium earths, especially Sm, and the 3d 
transition metals can be pure Co, or Co par- 
tially replaced by Fe, Mn, Cr, or Cu. These al- 
loys give extremely stable magnets, having 
energy products, high remanence, and high 
coercive field strengths [11-13]. Some typical 
properties are given in Table 15.1. These high- 
power magnets are used in small motors, 
printers, quartz watches, headphones, loud- 
speakers, magnetic storage, traveling-wave 
tubes, etc., mainly in miniaturized equipment. 

Rare earth alloys also exhibit very large 
magnetostriction at cryogenic temperatures. 
REFe, Laves phase compounds show very 
large magnetostriction but possess intrinsic 
magneto-crystaline anisotropy [2, vol 2, 
chap. 15, pp. 231-258]. For many applica- 
tions, high strain is required at low magnetic 
fields, and therefore anisotropy must be mini- 
mized. The most important material to emerge 
from research activity so far is the ternary al- 
loy Tb, 4,Dye ;4Fe;, which shows promise for 
high power actuators, transducers, and sen- 
sors. 


15.2 Mischmetal 


Cerium mischmetal or more simply misch- 
metal is a mixture of rare-earth metals of the 
cerium group with cerium as the major con- 
stituent. Mischmetal is the lowest priced rare- 
earth metal because no expensive chemical 
separation is needed to produce it. It is pro- 
duced predominantly by fused-salt electroly- 


sis of rare-earth chlorides. Pure rare-earth 
metals of the cerium group are produced by 
fused-salt electrolysis of a mixture of chlo- 
rides and fluorides. The electrolytic reduction 
of rare-earth oxides of the cerium group dis- 
solved in a fluoride electrolyte has been put 
into production recently. Metallothermic re- 
duction of rare-earth chlorides of fluorides is 
also employed. 

Mischmetal was first produced industrially 
in 1908 by AUER von WELsBacH, who suc- 
ceeded in finding an outlet for surplus rare 
earth in the production of lighter flints. At that 
time, monazite was used exclusively as the 
source of thorium needed for the manufacture 
of incandescent mantles. 

The most important uses of mischmetal or 
cerium are metallurgical. The metallurgical 
importance of rare-earth metals is based on re- 
actions to form solids with oxygen, hydrogen, 
nitrogen, sulfur, arsenic, bismuth, and anti- 
mony, reducing the effects of these elements 
on the properties of the metals [16]. To avoid 
the formation of harmful rare-earth oxide in- 
clusions by secondary reactions of the misch- 
metal with refractories, slag, and atmospheric 
oxygen, the mischmetal is plunged into the 
molten metal or added under an inert-gas at- 
mosphere. Metallurgical mischmetal can also 
be clad with aluminum or steel. Mischmetal is 
added as lumps, rods, doughnuts, or wire [17]. 


Iron and Steel [18]. Rare-earth sulfides and 
oxide sulfides are formed in liquid steel and 
precipitate as globular particles uniformly dis- 
persed, which, unlike manganese sulfides, are 
not deformable during rolling and do not form 
stringers. This is called sulfide shape control 
and is used in microalloyed or HSLA (high- 
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strength low-alloy) steels to reduce anisotropy 
in toughness, notch toughness, and bend form- 
ability. This is especially important for pipe- 
line steels used at subzero temperature in the 
Arctic. 

Mischmetal may entrap hydrogen and di- 
minish hydrogen-induced cracking. 

Hot shortness in stainless steels can be re- 
duced by removal of tramp elements (As, Bi, 
Sb) together with deoxidation and sulfide 
shape control. Heat and oxidation resistance 
can be increased by mischmetal, which forms 
protective surface layers of rare-earth oxides 
together with oxides of the steel components, 
for example, Cr,O,, that are resistant to scal- 
ing. 

Mischmetal or cerium-containing master 
alloys are added to cast iron to improve ductil- 
ity, toughness, and the microstructure. Ce- 
rium allows graphite to form nodules, causing 
nucleation in spheroidal and vermicular cast 
iron, and neutralizes the harmful effect of the 
tramp elements [19]. 

The addition rate depends on the applica- 
tion and preparation of the steel or iron melt. 
For sulfide shape control and nodularization 
of graphite, up to 1 kg of mischmetal is added 
per tonne. Other effects require even larger ad- 
ditions, up to 8 kg per tonne. 


Nonferrous Metals [20]. Addition of misch- 
metal to copper alloys improves tensile 
strength and deep-drawing properties. The 
heat resistance and ductility of aluminum con- 
ductor cables are improved without any signif- 
icant decrease in electrical conductivity. 
Titanium alloys show a higher grade of grain 
refinement, better mechanical properties, and 
improved corrosion resistance as a result of 
mischmetal additions. 

The need for improved galvanizing compo- 
sitions (increased corrosion resistance, fluid- 
ity, wettability, and freedom from 
intergranular corrosion) without affecting 
formability, weldability, and paintability led to 
the development of Galfan, which is the clas- 
sical zinc-aluminum eutectic alloy (9596 Zn, 
5% Ар with 0.0596 mischmetal [21]. 
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In nickel- and cobalt-based superalloys for 
turbine engines, cerium (yttrium is even bet- 
ter) increases oxidation and sulfidation resis- 
tance at high temperature. Similar effects are 
achieved in chromium-based alloys, and by 
removing gases cerium prevents embrittle- 
ment of niobium- and tantalum-based alloys. 


Other Uses. Cerium and mischmetal are used 
as getters to absorb traces of gases in evacu- 
ated devices. 

Mischmetal is said to increase the effi- 
ciency of fuel consumption and to decrease 
CO and NOX contents in the exhaust of inter- 
nal combustion engines if steam is passed 
through mischmetal spirals before injection 
into the carburetor [22]. 

In some of these uses, mischmetal ( MM) 
can be replaced by CeSi, MMSi, or MMFeSi 
alloys produced directly from bastnzesite by 
reduction in an arc furnace. 

The pyrophoric character of mischmetal al- 
loyed with iron and magnesium is used for 
flints and pyrotechnics. 


15.3 Other Alloys 


The atomic radii of lanthanum, cerium, 
praseodymium, and neodymium differ only 
slightly so that miscibility is complete in the 
liquid state and close to the solidus curve. The 
liquidus curves correspond to those of ideal 
mixtures. 

In the molten state the main constituents of 
mischmetal are completely miscible with 
nearly all non-rare-earth metals. Their large 
atomic radii and their low electronegativities 
are the reasons why there are only a few cases 
of their solid solubility in other metals. One 
such case, however, is the limited solid solu- 
bility of mischmetal in magnesium [23]. As 
solids they do not dissolve other metals; in- 
stead, they form intermetallic phases. With el- 
ements of the groups 4, 5, and 6 they do not 
form intermetallic phases [23, 24]. 

The intermetallic phases, with a degree of 
heteropolar bonding, may be brittle. There- 
fore, rare-earth metals and alloys are unsuit- 
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able as construction materials. Cerium phase 
diagrams are generally used in place of misch- 
metal phase diagrams [23, 25, 26}. 

Depending on the purity desired, alloying is 
done in crucibles made of tantalum, molybde- 
num, boron nitride, graphite, or clay graphite. 
An inert-gas atmosphere, vacuum, or inert 
slag cover are necessary. 


15.3.1 Cerium-Iron Alloy (Flint 
Alloy) 


The cerium iron phase diagram is shown in 
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Figure 15.1: Ce-Fe phase diagram [26]. 


Pyrophoric Properties. None of the numer- 
ous developments of cerium-free pyrophoric 
alloys of the last decades has been able to re- 
place the cerium-iron alloy invented and pat- 
ented by AUER von WELSBACH in 1903. Lighter 
flint alloy consists basically of mischmetal 
and iron. Some other metals are added in small 
amounts to modify the pyrophoric properties 
and to improve processing. Typical analyses 
of lighter flint alloys are shown in Table 15.2. 

The frictional pyrophoric properties of ce- 
rium-iron are based on a combination of mi- 
crostructure and mechanical and chemical 
properties of the alloy. The typical crystal 
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structure of commercial alloy consists of 
tough, brittle primary crystals of Ce,Fe,, en- 
closed by a peritectic layer of CeFe, embed- 
ded in a soft matrix of CeFe, and Ce (Figure 
15.1). 


Table 15.2: Analyses of lighter flints of different produc- 
ers, %. 


Producer 
Metal Trei- Électro Ronson 
bacher 5. Centre (United 
(Austria) рап) (France) States) 
Total RE 
metals 76.2 78.3 76.7 77.0 
Relative 
content" 
Ce 51 52.3 53.3 51.5 
La 22.7 24.7 19.2 23.1 
Nd 16.6 14.3 16.5 16.5 
Pr 5.4 5.0 6.4 5.8 
Sm 0.3 0.4 0.4 0.3 
Fe 20.6 19.3 20.4 20.0 
Mg 2.2 1.8 2.1 1.5 
Al 0.09 0.28 0.04 0.05 
Cu 0.02 0.03 
Si 0.22 0.29 0.22 0.2 
Zn 0.54 0.03 0.34 0.5 
C 0.02 0.08 0.06 0.01 


a The content of rare-earth metal divided by total rare-earth met- 
als. 


Mechanical friction generates primary 
cracks in the intermetallic compound, initially 
leading small particles with adherent matrix to 
break away. Residual frictional and deforma- 
tion heat in the small particles heats them adia- 
batically to ignition temperature. On ignition, 
these particles burn totally. Heat is emitted 
predominantly by radiation, particle tempera- 
ture reaching ca. 2000 °C. The size of these 
particles, which depends on the hardness of 
the lighter flint, influences the ignition bchav- 
ior. Smaller particles ignite rapidly, resulting 
in quick adiabatic heating, whereas larger par- 
ticles emit a higher local output of reaction 
heat. 

Magnesium and cerium form an intermetal- 
lic compound that ensures a high heat of com- 
bustion. The temperature of the spark is also 
increased by alloying with aluminum, which 
in addition produces a spiky spark. Zinc and 
copper improve fluidity during extrusion. 
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Manufacture of Lighter Flints. Lighter flint 
alloy is produced by melting mischmetal, iron, 
and the other metals in clay graphite or other 
suitable crucibles heated in induction furnaces 
at 1000-1200 °C under a protective salt layer 
(CaCl,, BaCl). After removal of the salt layer, 
the alloy is cast into preheated molds. 

For better shape control of the CeFe, crys- 
tallites, the melt is cooled slowly. The as-cast 
products are billets of 3-6 cm diameter. Aver- 
age yield of alloy, based on raw material input, 
is 95-98%. Losses arise from air oxidation 
and reaction with the crucible matenal. 

After preheating at 400-500 °C, the flint 
billets are extruded to rods on horizontal or 
vertical extrusion presses at pressures between 
20 and 50 MPa. Alloying with aluminum, 
magnesium, zirconium, titanium, and copper 
lowers the amount of pressure required. Extru- 
sion pressure is also affected by impurities in 
the mischmetal, the rare-earth distribution, 
and the iron content of the alloy. During extru- 
sion, the eutectic matrix liquefies. After extru- 
sion, the rods are cooled rapidly in air or 
cooling oil. The diameter of the rods usually 
ranges between 2 and 6 mm. 

These rods are cut on honzontal or vertical 
dies to the length of the lighter flint, usually 
between 4 and 12 mm. A subsequent heat 
treatment between 350 and 450 °C improves 
the pyrophoric properties considerably [27] by 
conversion of Ce-Fe mixed crystals, formed 
through rapid solidification during extrusion, 
into CeFe, and Ce. 

The lighter flints are sized on sorting ma- 
chines, generally with sorting sieves. These 
mechanically presorted flints are checked 
carefully by mechanical and optical sorting 
machines. Some producers make a final in- 
spection by eye: flints are moved over a con- 
veyor belt and imperfect flints are picked out 
by hand. Flints are checked for length, diame- 
ter, and straightness, as well as to see if the 
area of cut is circular as desired and if cavities 
or burrs are absent from the cut surface. 

Durability of lighter flints is limited to 4-5 
years normally. Humid air and a warm cli- 
mate, such as prevails in the tropics, cause 
quick decomposition of the flint, visible as a 
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dusting at the beginning of the decomposition 
process. For protection of the flint surface 
against corrosion, flints are normally coated 
and colored with lacquer. 

Generally, there is a distinction between the 
normal lighter flints (most commonly 2.4 mm 
in diameter and 4 mm in length) and the 
lighter flints for disposable lighters. Flints for 
disposable lighters are manufactured in a 
length from 7 to 12 mm and a diameter from 
2.3 to 2.5 mm, depending on the amount of 
gas filling in the lighter. Such flints should ig- 
nite at least 1000 times before 50% of the flint 
is used up. 

Accuracy of size is important for flints for 
disposable lighters because filling is carried 
out by machines and each faulty flint stops 
production. Maximum tolerances of + 0.1 mm 
in length and in diameter are acceptable. One 
kilogram of lighter flints contains from 3000 
to 10 000 flints. 


15.3.2 Cerium—Cobalt Alloys 
(Permanent Magnets) 


The cerium-cobalt phase diagram is shown 
in Figure 15.2. 

The classic RECo, permanent magnet al- 
loys are based on samarium, which gives the 
best hard magnetic properties. Replacement of 
samarium, an expensive rare-earth metal, by 
cerium or even by inexpensive mischmetal re- 
duces the hard magnetic properties, especially 
because of the lower crystal anisotropy field 
[28]. However, adding small amounts of sa- 
marium to the mischmetal and/or changing the 
composition of the mischmetal [29] or partial 
replacement of cobalt [30, 31] makes magnets 
with sufficient coercivity and energy product 
for less sophisticated uses and increases the 
range of uses because of the lower costs. 

These alloys are manufactured by melting 
the metals or by calcinothermic reduction of 
oxide and metal-powder mixtures [32]. 

These magnets are used for electronic 
watches, microwave amplifier tubes, loud- 
speakers, headphones and microphones, mag- 
netic coupling, bearings, sensors, clamp 
systems, switches, d.c. motors, servomotors, 
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and step motors, mainly to achieve miniatur- 
ization. 


Some magnetic properties are listed in Ta- 
ble 15.3. 
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Figure 15.2: Ce-Co phase diagram [26]. 


Table 15.3: Intrinsic magnetic properties of КЕСо5 com- 
pounds at room temperature [31]. 

SmCo, CeCo, MMCo,* 
0.77 0.89 


Property 
Saturation magnetization B, 1.07 


Anisotropy constant K, 10$ 9.6 5.6 6.6 
Jm? 


Anisotropy field H,, MA/m 20 15.1 14.7 
Curie temperature То, °C 724 347 520 
Theoretical energy product 228 118 158 
В2/4, kin? 


a The values for ММСо5 are only approximate, for composition 
varies. 


15.3.3 Cerium-Nickel Alloys 
(Hydrogen Storage) 


The cerium-nickel phase diagram is shown 
in Figure 15.3. 

LaNi, has a high storage capacity for hy- 
drogen gas [33], up to the formula LaNi.H, 7. 
To decrease costs, lanthanum can be replaced 
by mischmetal [34]. However, to lower the 
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higher hydrogen equilibrium pressure and 
form hydrides up to the formula MMNi.H, з, 
the nickel must be partially replaced [35] by 
aluminum [36], calcium [37], cobalt [38], 
chromium [39], copper [40], iron [41], or 
manganese [42]. Pressure composition iso- 
therms are shown in Figure 15.4. Alloys of the 
type CeMg,,M (M = Ni, Cu, Zn) also absorb 
hydrogen [43]. 
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Figure 15.3: Ce-Ni phase diagram (26). 
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Figure 15.4: Pressure-composition isotherms for desorp- 
tion in the LaNi,-H, MMNi,-H, and modified MMNi, , 
M,-H systems at 293 К [35]. MM represents mischmetal, 
and M represents a metal (here Al, Co, Cr, or Mn). 
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These systems may be used for hydrogen 
transportation and storage, vehicular and sta- 
tionary fuel supply, an ideal fuel from the eco- 
logical point of view; air conditioning; 
refrigeration; heat pumps; storing and regain- 


ing 


waste heat; and hydrogen-storage elec- 


trodes in alkaline batteries. These systems 
may also be used for purification [44] and iso- 
lation [45] of hydrogen and H,/D, separation. 
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16.1 Lithium 


Lithium readily forms alloys with other 
metals such as lead, copper, silver, magne- 
sium, boron, and aluminum [1]. Lithium often 
completely changes the properties of metals to 
which it is added, e.g., the hardness of alumi- 
num and lead, or the ductility of magnesium. 

The lead alloy Bahnmetall, which was de- 
veloped in Germany in 1918 and contained 
0.04% lithium, is no longer important, it was 
used as a bearing metal for railroad cars until 
ca. 1955. A eutectic mixture of lead with 17% 
lithium is used in nuclear fusion technology as 
a breeder and cooling medium. 

The first aluminum-lithium alloy, contain- 
ing 0.1% lithium, was developed in 1924 in 
Germany under the name Skleron. In the 
United States in 1957, the alloy X-2020 (4.596 
Cu, 1.3% Li, remainder Al) was used in the 
wings and horizontal tail surfaces of naval air- 
craft. During the 1980s, aluminum lithium al- 
loys have been developed continuously, 
especially by Alcoa, Alcan, and Pechiney. The 
low density of these materials, compared with 
the usual aluminum alloys, is of great interest 
to the aircraft industry. They will probably be 
used in the foreseeable future for military and 
large passenger aircraft, despite competition 
from carbon fiber-reinforced plastics. 

Lithium is the only element, apart from be- 
ryllium, that simultaneously reduces the den- 
sity of aluminum and increases its modulus of 
elasticity; furthermore, formation of the Al,Li 
phase gives improved strength. Modern alu- 
minum lithium alloys are now based almost 
without exception on the system Al-Li-Cu- 


Mg-Zr [2]. The alloy 8090, for example, has 
the composition 2.3% lithium, 1.3% copper, 
0.8% magnesium, 0.12% zirconium, and the 
remainder aluminum. Such alloys have a den- 
sity about 10% lower, and a modulus of elas- 
ticity ca. 10% higher, than aluminum. 

Aluminum-lithium alloys with the compo- 
sition 50 mol% aluminum and 50 mol% lith- 
ium are used in primary thermal batteries in 
which the electrolyte (a mixture of salts) is 
melted before the battery is used. 


16.2 Sodium and Potassium 


Sodium as a Heat-Transfer Medium. The al- 
kali metals, particularly sodium, were first 
used on a large scale as heat-transfer media by 
the nuclear energy industry. Today, liquid so- 
dium is used worldwide as a coolant in fast 
breeder reactors. Power stations may contain 
several thousand tonnes of the metal. Both its 
nuclear properties and its very favorable ther- 
mal properties have led to the choice of so- 
dium to cool fast breeder reactor cores, where 
the heat flux is high. Alkali metals are also 
used to a limited extent as heat-transfer media 
outside the nuclear industry [10]. In a solar en- 
ergy plant in the Mojave Desert, California, 
sodium is used to store energy and transfer it 
from the collector to the steam generator [11]. 

According to Mott's rule [8], the miscibility 
of alkali metals with other metals in the liquid 
state depends on the ratios of the atomic radii, 
vapor pressures, and electronegativities of the 
dissolved metal and the solvent metal. Fur- 
thermore [4], the interaction of alkali metals 
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with elements of group A (s- and p-block) of 
the periodic table differs from their interac- 
tions with the elements of group B (d- and f- 
block). Many elements of group A form inter- 
metallic compounds with the alkalı metals, 
unlike the elements of group B, which interact 
to a much lesser extent. The transition metals, 
including lanthanides and actinides, have very 
low solubilities in molten alkali metals. The 
metals of groups I B (Cu, Ag, and Au) and ПВ 
(Zn, Cd, and Hg) and the platinum-group met- 
als are exceptions to this. In group I B, the sol- 
ubility increases from copper to gold, the very 
low solubility of copper being similar to that 
of the transition metals. 


Few of the many sodium alloys are of in- 
dustrial importance. Some are briefly de- 
scribed below [9] 


Sodium-potassium alloys [12] are used 
mainly in heat exchange systems, because of 
their good thermal conductivity and the wide 
temperature range over which they are liquid. 
The physical properties of two typical Na-K 
alloys are listed in Table 16.1. A review of 
physical properties and chemical reactions is 
given in [7]. Large-scale production is de- 
scribed in [3]. The ternary alloy, 12% Na, 
47% K, and 41% Cs, has the lowest known 
melting point (-78 °C) of all metallic systems 
[5]. 

Although Na and K are chemically similar 
and both form face-centered cubic structures, 
the difference in atomic radii > 15%. The two 
are immiscible (i.e., по mixed-crystal forma- 
tion occurs [13]). The compound KNa, is a so- 
called Laves phase, in which mixed-crystal 
formation is impossible because the difference 
in radius is too large [14]. 


Table 16.1: Physical properties of Na~K alloys [4]. 


Composition, % K 


Property 44 78 
Melting point, °C 19 -12.67 
Boiling point, *C 825 784 
Density, kg/m’ (100 °C) 886 847 
Viscosity, mPa-s (250 °С) 0.316 0.279 
Heat capacity, КУКЕ К”! (200 °C) 1.096 1.045 
Thermal conductivity, Wm"! K^! 
(200 °C) 26.36 25.10 
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The alloys (called NaK alloy or “nack” ın 
the USA) are liquid at ambient temperature 
over the weight percent range of 40-90% po- 
tassium (Figure 16.1). The physical properties 
such as excellent thermal and electrical con- 
ductivities combined with the wide range of 
compositions in a liquid state, render the al- 
loys ideal for use as heat-exchange fluids [15- 
17], cooling liquids in hollow valve stems 
[18], contact liquids for high temperature ther- 
mostats and homopolar generators, and hy- 
draulic fluids [19]. Potassium or sodium- 
potassium alloys had been used as working 
fluids on a power plant topping cycle during 
the 1940s and 1950s. 

Potassium alloyed with other metals gener- 
ates compounds of lower reactivity than potas- 
sium metal. Most intermetallic compounds are 
less ductile than the pure metal. Another low 
melting alloy of interest is a ternary eutectic 
(3% Na, 24% K, 73% Cs) which melts at 
-76 °C. 


Melt + Na 


Temperature, ° 


0 20 40 60 80 100 
Potassium content, % ——— 


Figure 16.1: Sodium-potassium thermal equilibrium dia- 
gram [20]. 

The eutectic at 77.8% potassium has a 
freezing point of -12.56 °C. The physical 
properties of NaK are listed below [45]: 


Composition 78% К, 22% Na 
Melting point -12.6 °C 
Boiling point = 785 °C 
Density at 20 °C 0.867 g/cm? 
100 °C 0.855 
550 °C 0.749 
Electrical resistance at-12.6 °C 33.5 Ы Ост 
20 °C 38.0 
Thermal conductivity at 20 °C 2.18 x 10° Wor! Kt 
550 °C 2.62 x 10? 
Specific heat at -12.6 °C 0.975 Jg ! K? 
100 °C 0.937 
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Figure 16.2: Calcium-sodium phase diagram [40]. 

The liquid NaK alloy, usually used as a dis- 
persion and on an inert support, provides a 
more reactive surface area than either potas- 
sium or sodium metal alone, thus enhancing 
its reactivity and permitting reaction to pro- 
ceed at low temperatures (e.g., -12 °C). NaK 
alloys are suitable for chemical reactions in- 
volving unstable intermediates such as carb- 
anions and free radicals. 


NaK alloys have been used successfully in 
the following applications: side-chain alkyla- 
tion of toluenes and xylenes [21], isomeriza- 
tion of a-olefins to internal olefins [22, 23], 
free-radical [24] and condensation [25-28] 
polymerization, reduction of metal halides to 
highly reactive metal powder [29], reduction 
of organic functional groups such as arenes, 
ketones, aldehydes and alkyl halides [30, 31], 
cleavage of functional groups containing C- 
X, C-O, O-S bonds [32-36], interesterifica- 
tion of tallow with cotton seed oil to improve 
the pour and clarification temperatures [37, 
38], and impurity scavenging of acetylenic 
and allenic contaminants [39]. 


Sodium-calcium alloys are by-products of 
the molten salt electrolytic production of so- 
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dium from the binary salt mixture NaCl- 
CaCl, and the temary mixture МаСІ-СаСі,- 
BaCl,. Calcium is only partially miscible with 
sodium. Calcium sodium alloys containing 
25-65% sodium can be separated by high- 
temperature vacuum distillation [7]. Figure 
16.2 shows the sodium-calcium phase dia- 
gram [40]. 


Sodium-Lead Alloys. Various methods have 
been described for the production of sodium- 
lead alloys because of their importance in the 
production of alkyl lead compounds [7]. One 
possibility 1s to melt the two metals together. 
Another is to deposit sodium electrolytically 
on molten lead cathodes [6]. Sodium and lead 
are completely miscible in the liquid state 
above 400 °C [7]. The following sodium-lead 
compounds are known.: NaPb,  NaPb, 
Na,Pb,, Na,Pb,, and Na, ‚Pb, [41]. 


Sodium Alloys with the Coinage Metals. 
Copper has very low solubility in sodium [12], 
and no sodium copper compounds have been 
reported. Although copper is resistant to so- 
dium up to 300-400 °C, it is not recom- 
mended as a construction material for vessels 
or pipes containing sodium [7]. 
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Silver has limited solubility in sodium [7, 
12]. The existence of the compound NaAg, 
has been reported. 

With gold, sodium forms the compound 
NaAu, (mp 1005 °C), which is the most stable 
compound in the Na-Au system [41]. It can be 
prepared from gold powder and sodium at 
250 °C under high vacuum [7]. Sodium-gold 
alloys exhibit photoelectric properties and can 
be used in photocells [6]. 


Sodium Alloys with Group II B Metals. 
Zinc, cadmium, and mercury are very soluble 
in alkali metals [12]. The solubility in sodium 
increases from zinc to cadmium. The com- 
pounds NaZn,, and NaCd, have been reported 
[12, 41]. Sodium and mercury form the fol- 
lowing intermetallic compounds: NaHg,, 
NaHg,, Na Hgg, NaHg, Na4Hg;, №а,Нр,, and 
Na,Hg [41, 42]. A liquid amalgam containing 
ca. 1% sodium is an intermediate product in 
chlor-alkali electrolysis and is used to produce 
sodium hydroxide solution. Amalgams with 
higher sodium content (1.25%) are viscous 
liquids. Still higher sodium contents result in 
silvery-white crystalline solids [6]. The physi- 
cal properties, chemical reactions, and pro- 
duction of sodium amalgam are described in 
[7]. 

Many attempts have been made to utilize 
the reducing properties of sodium amalgam in 
chemical syntheses [43]. Sodium dithionite is 
produced on a large scale by the reduction of 
SO, with sodium amalgam. Other uses of so- 
dium amalgam include the production of so- 
dium sulfide, reduction of salicylic acid to 
salicylaldehyde, and reduction of nitroben- 
zene to azobenzene. These reactions are no 
longer of industrial importance. The reaction 
of sodium amalgam with alcohols in a vessel 
filled with graphite spheres to form alkoxides 
is used to a limited extent [43]. 

Sodium amalgam formation can be used to 
recover mercury from mercury-containing 
cells. After treatment with molten sodium, the 
nonextractable solids are removed, and the 
amalgam is decomposed electrolytically into 
its constituents with a solid electrolyte made 
of sodium-ion-conducting В-А1,0; [44]. 


Alloys 


16.3 References 


. P. D. Frost, Batelle Tech. Rev. 8 (1959) 3-8. 
; jo Peters, K. Welpman, Metall 39 (1985) 1141- 
144. 

3. Winnacker-Küchler, 4th ed., 4, p. 326. 

4. H. U. Borgstedt, C. K. Mathews: Applied Chemistry 
of the Alkali Metals, Plenum Press, New York 1987. 

5. N. N. Greenwood, A. Eamshaw: Chemie der Ele- 
mente, lst ed., Verlag Chemie, Weinheim 1988, pp. 
97. 

6. Ullmann, 4th ed., 17, p. 143. 

7. “The Alkali Metals”, Mellor s Comprehensive Trea- 
tise on Inorganic and Theoretical Chemistry, vol. 2, 
suppl. 2, part 1, Longmans, London 1961. 

8. B. W. Mott, Philos. Mag. 2 (1957) no. 8, 259—283. 

9. P. E. Potter, M. H. Rand in R. V. Ohse (ed.): Hand- 
book of Thermodynamic and Transport of Alkali 
Metals; Blackwood, Oxford 1985, pp. 914-924. 

10. H. U. Borgstedt, G. Frees, Werkst. Korros. 38 (1987) 
725-737. 

П. К. Förster, G. Ruloff: “Flüssigmetalle als 
Wärmeübertragungsmittel”, CAV, Konradin Verlag, 
Leinfelden-Echterdingen 1988, p. 182. 

12. H. U. Borgstedt, C. Guminski, Metals in Liquid Al- 
kali Metals, IUPAC Solubility Data Series, in press. 

13. D. F. Shriver, Р. W. Atkins, С. Н. Langford: Anorga- 
nische Chemie, ein weiterfithrendes Lehrbuch, 
VCH, Weinheim 1992. 

14. E. Riedel: Allgemeine und anorganische Chemie, 
5th ed., De Gruyter, Berlin 1990. 

15. Chem. Eng. News 33 (1955) p. 648. 

16. M. A. Turchin et al., Appl. Therm. Sci. 1 (1988) no. 
1, pp. 39-43. 

17. W. С. Anderson et al., Proc. 25th Intersoc. Energy 
Convers. Eng. Conf. 25 (1990) no. 5, pp. 268-273. 

18. R. N. Lyon (ed.), Liquid-Metals Handbook, 2nd ed., 
U.S. Government Printing Office, Washington, DC, 
1952, p. 5. 

19. D. A. Wallace et al., Proc. Intersoc. Energy Con- 
vers. Eng. Conf. 26th (1991) no. 5, pp. 349-354, 

20. W. Mialki, Metall (Berlin) 3 (1959) p. 174. 

21. US 4929783, 1990 (R. S. Smith). 

22. US 4720601, 1989 (С. S. Osaka, М.Е Shiga). 

23. EP-A 211448, 1987 (G. Suzukamo, M. Fukao, M. 
Minobe, A. Sakamoto). 

24. GB 820263, 1959 (Z. Karl). 

25. C. W. Carlson, R. West, Organometallics 2 (1983) 
no. 12, pp. 1972-1977. 

26. P. A. Bianconi, Т. W. Weidman, J. Am. Chem. Soc. 
110 (1988) no. 7, pp. 2342-2344. 

27. H. Y. Qui, Z. D. Du, Goadeng Хисхіао Huaxue Xue- 
bao 10 (1989) no. 4, pp. 423-425. 

28. US 4800221, 1989 (О. №. Marko). 

29. R. D. Rieke, Acc. Chem. Res. 10 (1988) p. 301. 

30. R. M. Schramm, C. E. Langlois, Prepr. Div. Petr. 
Chem. Am. Chem. Soc. 4 (1959) no. 4, p. B-53. 

31. PCT Int. Appl., WO 8607097, 1986 (W. R. B. Mar- 
tín). 

32. T. Ohsawa, T. Takagaki, A. Haneda, T. Oishi, Tetra- 
hedron Lett. 22 (1981) no. 27, pp. 2583-2586. 

33. T. Ohsawa et al., Chem. Phar. Bull. 30 (1982) no. 9, 

pp. 3178-3186. 


Ne 


Alkali Metals 


34 


35. 


36. 


37. 
38. 


39. 


40. 


‚ С. А. Ogle, Т. E. Wilson, J. A. Stowe, Synthesis 
1989, no. 6, pp. 495-496. 


Т. А. Thornton et al., J. Am. Chem. Soc. 111 (1989) 
no. 7, pp. 2434-2440. 


Jpn. Kokai Tokyo Koho, JP 63218705, 1988 (M. 
Ohata et al.). 

Thomas Hedley & Co., Ltd., GB 785147, 1957. 

D. Kazimierz, Tluszeze i Srodki Piorace 5 (1961) 
pp. 143-149. 

DD 235184, 1986 (G. Houbelein, D. Stadermann, 
H. Hartung, W. Muller). 

A. Bo Pelton, Bull. Alloy Phase Diagrams 6 (1985) 
35-37. 


41. 


42. 


43. 


45. 


281 


O. J. Foust: Sodium Na-K, Engineering Handbook, 
Gordon & Breach, New York 1972. 

C. Hirayama, Z. Galus, C. Guminsky, “Metals in 
Mercury”, in A. S. Kertes (ed.): Solubility Data Se- 
ries, vol. 25, Intemational Union of Pure and Ap- 
plied Chemistry, in press. 

H. Hund, F. R. Minz in H. Hamisch, R. Steiner, K. 
Winnacker (eds.): Chemische Technologie, 4th ed., 
vol. 2, Carl Hanser Verlag, München 1982, p. 400. 


. Kemforschungszentmm Karlsruhe, DE 4034137 


СІ, 1990 (H. U. Borgstedt). 

О. J. Foust (ed.): Sodium апа Sodium-Potassium 
Engineering Handbook, Vol. I, Gordon and Breach, 
New York 1972, Chap. 2. 


Alloys : Preparation, Properties, Applications 


Edited by Fathi Habashi 
copyright © WILEY-VCH Verlag GmbH, 1998 


17 Secondary Metals and Miscellaneous Alloys 


Jonn Dartas DonaLoson (§ 17.1); Joachim KRÜGER, MANFRED Lück, EBERHARD LÜDERITZ, PETER WINKLER (§ 17.2); KARL- 
HEINZ ScuuLTE-ScHREPPING (5 17.3); Martias Simon (8 17.4); Nott FeLix (8 17.5); Heinrich Міске (8 17.6); Paut D. 
DEELEY, James Н. Downing (5 17.7); PETER М. CRAVEN, Joun W. Waupay, дур Bruce WELLBELOVED (8 17.8) 


17-1: Cobalt... датады мез 283 
17.1.1 General ..2...........с....... 283 
17.1.2 High-Temperature Alloys 

(8ирегаПоув).................. 284 

17.1.3 Magnetic Alloys ............... 285 

17.1.4 Hard Metal АПоув.............. 288 
17.1.5 Cobalt-containing High-Strength 

Steels:. е he che dae 288 

17.1.6 Electrodeposited Alloys.......... 289 

17.1.7 Alloys with Special Properties. .... 289 

17.2 Вішпшһ......................... 290 

17.3 Сайтішп........................ 292 


174° Mercury... Lu nee 292 
17.5 Indium .......................... 294 
17.6 ТһаШшп......................... 295 
17.7 Сшошішп....................... 296 
17.8 Manganese ...................... 298 

17.8.1 Manganese in the Iron and Steel 
Industry „ооа cantis 298 


17.82 Manganese in Nonferrous Alloys... 300 
17.83  Nitrogen-Contatning Manganese 
АШйоув........................ 300 


17.4 Cobalt 


17.1.1 General [1-4] 


About 64% of the cobalt is consumed in al- 
loy compositions. The most important cobalt 
alloys are discussed under the following head- 
ings: 

e High-temperature alloys 

е Magnetic alloys 

e Hard metal alloys 

e Cobalt-containing high-strength steels 
ө Electrodeposited alloys 

e Alloys with special properties 

Solute metals in cobalt can be classified in 
terms of their effect on the phase transition 
(cubic to hexagonal) of the host metal. Those 
elements that raise the transition temperature 
are classified as restricted-field components, 
whereas those that lower the temperature are 
enlarged-field components. Some alloying el- 
ements must be classified as combined com- 
ponents because they both raise the e > a 
transition temperature and lower the a — € 
transition temperature. Table 17.1 lists some 
alloying elements according to their classifi- 
cation. The phase diagrams of a number of bi- 


nary and ternary cobalt alloy systems have 
been reported [1, 3]. According to the phase 
diagrams, a number of binary alloys have sta- 
ble hexagonal structures at high temperature 
and these may be of practical importance 
where the hexagonal structure is required, for 
example, to maintain low friction and wear 
characteristics. Alloys with high-temperature 
stable hexagonal lattices (temperature in pa- 
rentheses) are cobalt-chromium, 90:10 
(800 °C); cobalt-molybdenum, 90:10 
(950 °C), cobalt-osmium, 60:40 (1250 °C); 
cobalt-platinum, 80:20 (650 °C); cobalt-rhe- 
nium, 80:20 (750—950 °C), cobalt-ruthenium, 
70:30  (1100-1400?C);  cobalt-tungsten, 
80:20 (950 °C). 


Table 17.1: Classification of alloying elements in cobalt- 
rich binary alloys. 


Enlarged-field ^ Restricted-field Combined 
Al Nb As Re Au 
B Ni Cr Rh Be 
C Sn Ge Ru Ga 
Cu Ti Ir Sb Pb 
Fe Zr Mo Si Pd 
Mn Os Ta V 
Pt Ww 
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17.1.2 High-Temperature Alloys 
(Superalloys) 15,6) 


Cobalt-based superalloys and cobalt-con- 
taining nickel superalloys are used in aircraft 
engines as turbine vanes and blades and in 
sheet form for exhaust case assemblies and 
burner liners. Cobalt-based superalloys are 
complex combinations of elements intended 
to accomplish one or more specific purposes, 
Normally the matrix is face-centered cubic. 
Commercial alloys are commonly hardened 
by carbide formation and by solid-solution 
strengthening. The properties responsible for 
the industrial importance of carbide-strength- 
ened alloys are high creep strength at high 
temperature, high thermal fatigue resistance, 
good oxidation resistance, excellent hot corro- 
sion resistance, an air melting capability, an 
air or argon remelting capability, good weld- 
ing properties, and ease of casting. The effects 
of added elements on the properties of super- 
alloys are listed in Table 17.2. A number of el- 
ements are detrimental to the alloy properties. 
Sulfur, for example, affects the ductility and 
must be kept at a concentration of less than 
0.006%. Other elements that have been re- 
ported to show deleterious effects are bismuth, 
lead, antimony, thallium, selenium, cadmium, 
mercury, tin, and silver. The cobalt-based al- 
loys consist essentially of a cobalt-chromium 
matrix with ca. 20% chromium, which pro- 
vides major resistance to high-temperature 
corrosion. Up to 30% of the cobalt can be re- 
placed with nickel, and up to 15% tungsten 
may be added as well as smaller levels of other 
beneficial metals. The carbon content lies in 
the range of 0.25-1% for casting alloys and 
0.05-0.4% for hot worked alloys. Table 17.3 
lists the compositions of several cobalt-based 
high-temperature alloys, indicating the alloys 
that are normally cast; Table 17.4 shows the 
stress rupture strengths for some cobalt-based 
superalloys. 

The presence of carbides in the grain 
boundaries of superalloys is important in de- 
termining their mechanical properties. The 
grain boundaries are strengthened by carbides 
in one of two ways: (1) their precipitation as 
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discrete particles in the grain boundaries hin- 
ders sliding by a pinning action and (2) the 
formation of a grain-boundary skeletal net- 
work that can support load as well as hinder 
sliding. Both mechanisms also strengthen by 
limiting grain-boundary migration. Solid-so- 
lution strengthening is principally due to con- 
tents of chromium, tungsten, niobium, and 
tantalum, not to the precipitation of carbides. 
Table 17.5 lists the strengthening mechanisms 
in cobalt-based superalloys. 


Table 17.2: Effects of several elements in cobalt superal- 
loys. 


Element Effect (M = metal) 

Chromium improves oxidation and hot-corrosion 
resistance; produces strengthening by 
formation of M,C, and M,,C, carbides 

Molybdenum solid-solution strengtheners; produce 

Tungsten strengthening by formation of interme- 
tallic compound Co,M; formation of 
М.С carbide 

Tantalum solid-solution strengtheners; produce 

Niobium strengthening by formation of interme- 
tallic compound Co,M and MC car- 
bide; formation of M,C carbide 

Aluminum improves oxidation resistance; forma- 
tion of intermetallic compound CoAl 

Titanium produces strengthening by formation of 
MC carbide and intermetallic com- 
pound Co,Ti; with sufficient nickel 
produces strengthening by formation of 
intermetallic compound Ni, Ti 

Nickel stabilizes the face-centered cubic form 
of matrix; produces strengthening by 
formation of intermetallic compound 
Ni,Ti; improves forgeability 

Boron produce strengthening by effect on 

Zirconium grain boundaries and by precipitate for- 
mation; zirconium produces strength- 
ening by formation of MC carbide 

Carbon produces strengthening by formation of 
MC, M,C,, М,,с6, and possibly M,C 
carbides 

Yttrium increase oxidation resistance 

Lanthanum 


Cobalt-containing Nickel-based Alloys. 
Most highly stressed components in high-tem- 
perature engineering use are nickel-based su- 
peralloys strengthened by the precipitation of 
the intermetallic compound Ni,(TiAl). Addi- 
tion of ca. 20% cobalt improves the high-tem- 
perature properties of the nickel-based alloys. 
The influence of cobalt arises from several ef- 
fects, namely: 
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e Its relatively minor contribution to solid-so- 
lution hardening. 


e Its influence on the solubility of the matrix 
for titanium and aluminum. At temperatures 
below 1080 °C, the cobalt-containing al- 
loys have a lower solubility for these metals 
than the cobalt-free alloys and, therefore, in- 
crease the amount of Ni,(TiAl) precipitated 
at a given level of alloying; this is a major 
factor in giving increased high-temperature 
strength. 


e Its effect on the formation of carbides in the 
grain boundary. The presence of cobalt in- 
creases the solubility of carbon in the matrix 
and modifies the carbides formed in the 
grain boundary. 


e It improves the hot workability. 

The presence of cobalt in nickel-based al- 
loys has a pronounced effect in decreasing the 
stacking fault energy, which results in a de- 


Table 17.3: Composition of superalloys. 
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crease in the creep rate of nickel or nickel- 
chromium phases. 


17.1.3 Magnetic Alloys [1,2,7,8] 


Cobalt is used in the manufacture of three 
main types of permanent magnet materials: 
quench-hardened carbon steels, nickel-iron- 
aluminum-cobalt (Alnico) alloys, and rare- 
earth-cobalt alloys. 


Quench-hardened Carbon Steels. The addi- 
tion of cobalt to quench-hardened steels in- 
creases the coercive force and the ВН, „„. The 
improved properties are mainly due to magne- 
torestrictive strain effects that increase the co- 
ercive force together with a small increase in 
saturation magnetization. Currently, magnet 
steels are used less, but they still have advan- 
tages in situations where the magnetic alloy 
must be machined and worked. 


d Element 
Trace jame C Cr Ni Me W Nb Ta T B Zr Fe Other 
(СУ HS-31 (X-40) 05 255 105 — 75 — — ZI — 2 — 
(C) HS-21(Mod. УйаШша) 0.25 27 3 5 Eo m ТМ мш» = 
S-816 038 20 20 4 4 4 — — — — 4 — 
HA-25 (L-605) Oh 20-100 =) 5$ -- —— o o4 
(C) HE-1049 04 26 10 — 15 — — — 04 — 53 — 
UMCo-50 0.1 28 — == = oe 
(C) ML-1700 02 25 — ~ 15 — — — 04 — — — 
J-1570 02-20 28. > ar an ee 2 
J-1650 02 19 27 — 12 — 2 38 00 — — — 
(C) WI-52 045 21 s1 — IH 2 — — — — 2 — 
(C) HA-151 065.- 20: -- — 127 — -- с 00$ ee en 
(C) MAR-M 302 085 215 — — 10 — 9 - 0005 02 — — 
(C) MAR-M 322 L0 215 — — 9 - 45 0755 — 225 — — 
(C) X-45 025 255 105 — 45 i eo 1006 — .2 
NASA-CoWRe 04 3 wn 205) "reme ДАС. ДА — 1 — 2RE 
(C) AiResist 13 045 21 1 — n 2 — — — — 5<2535А01Ү 
(C) MAR-M 509 06 24 10 — 7 — 35 02 — 05 — — 
UMCo-51 0.3: 28. — a XE ovo ox TE 
AiResist 213 018 19 — — 47 — 65 — - 015 — 35AL01Y 
MAR-M 918 005 20 20 — — — 75 — — ол — — 
HA-188 01 22 22 — 14 — — — - - 1.5 008la 
(C) AiResist 215 035 19 — — 45 — 75 — — 0413 — АЗА;017Ү 
CM-7 a1 20 15 — 15 — — 13 — -  — 05А! 
(C) FSX-414 035 295 105 — 7 — — — 001 — 2 — 
a C= castalloy. 
b RE =rare earth. 
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Table 17.4: Characteristic rupture strengths of selected cobalt- and nickel-based superalloys. 
Characteristic rupture strength, MN/m? 
Trade name 815 °C 870 °C 980 °C 1095 °C 
100 h 1000 h 100h 1000h 100h 1000 h 100h 1000 h 
(CY HS-21 (Mod. Vitallium) 152 98 115 91 65 48 -- -- 
(С) Н8-31 (Х-40) 179 138 134 103 76 55 — — 
(C) X-45 131 103 96 69 48 31 — — 
(C) FSX-414 152 117 110 83 55 34 21 — 
(С) WI-52 (HA-152) — — 172 152 96 76 34 — 
(C) НА-151 255 228 186 165 96 79 — — 
8-816 172 124 107 69 
(С) 8-816+1%В 301 223 206 145 100 54 — — 
J-1570 228 165 158 110 — -- -- -- 
J-1650 317 228 220 145 90 -- -- — 
(C) MAR-M 302 276 207 207 158 110 76 4 28 
(C) MAR-M 322 276 193 228 158 138 103 69 55 
(C) MAR-M 509 269 228 200 138 117 90 55 38 
HA-25 (L-605) 165 117 107 72 48 26 — ~ 
HA-188 154 110 105 70 41 25 15 — 
MAR-M 918 207 138 110 76 41 22 17 — 
Nimonic 80 A 193 116 — — — — — — 
Nimonic 90 239 154 139 TI — -- -- — 
Nimonic 105 324 234 139 134 68 32 — — 
Nimonic 115 402 309 301 201 121 70 — — 
Udimet700 400 296 290 200 110 52 -- — 
(C) B-1900 503 379 386 255 179 106 — — 
(C) MAR-M 200 524 413 400 290 186 131 76 45 
Hastelloy X 107 69 69 48 36 21 — — 
Rene 41 310 200 193 117 69 — -- - 


a C=castalloy. 


Table 17.5: Strengthening mechanisms іп cobalt-based superalloys. 


Mechanism 
Carbide formation 
(MC, M,C, мыс, M,C,) 
Solid-solution hardening 
(Ta, W, Mo, Nb) 
Intermetallics 
(Co,W, Со;Мо, Co,Ti, Co;Ta, с-, 
H^, or Laves phases) 


Grain structure 
(directional, single, fine) 


Dispersoids 
(ThO,, other oxides, carbides) 


Minor elements 
(B, Zr) 


Eutectics 
(intermetallics) 


Face-centered cubic to hexagonal 
close packing transformation and 
dislocation structure 


Fiber reinforcement 
Combinations of the above 


Comments 


effective as strengthening agents but overaging a problem; optimum distribution not 
always achieved 


effective at temperatures above ca. 1095 °C, but not potent below this temperature 


overaging above = 870 °C; possible deterioration of ductility and oxidation resis- 
tance due to c, p, and Laves; appreciable hardening can be achieved below 815 °C 


directional solidification yields better thermal fatigue and ductility, but higher cost 
because of special processing; fine-grained more ductile, possible better fatigue but 
poorer creep 


expensive, technique very critical, no outstanding alloy yet developed 


fairly well explored, effective; excessive boron must be avoided due to low ductility 
and incipient melting 


requires further investigation, offers promise of high-temperature stability and good 
strength 


field requires much more investigation before assessment can be made, question of 
stability 


not enough information developed as yet 


adds to expense so that properties developed must be improved enough for eco- 
nomic justification 
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Nickel-Iron-Aluminum-Cobalt Alloys 
(Alnico Alloys). Nickel-iron-aluminum al- 
loys have a high coercive force, but are very 
brittle and must be cast into their final shape. 
Addition of cobalt to the alloys greatly im- 
proves their magnetic properties. The gains 
are progressive with increasing cobalt content 
up to 20-25% cobalt. Typical compositions of 
cobalt-containing Alnico alloys are given in 
Table 17.6 along with their magnetic proper- 
ties. The magnetic properties of these alloys, 
particularly remanence, can be improved by 
applying a strong external field to them as they 
cool from the solution treatment temperature. 
The resulting magnetic properties are aniso- 
tropic, being higher in the direction parallel to 
the field than perpendicular to it. The proper- 
ties of anisotropic magnets can be further im- 
proved by careful control of thermal gradients 
during cooling, which results in the growth of 
columnar grains with the (100) crystal axes ly- 
ing along the direction of growth. When these 
columnar alloys are subjected to a magnetic 
field during cooling, the magnetic properties 
are again markedly improved. 

The permanent magnet properties of Alnico 
alloys depend on the separation of the original 
body-centered cubic lattice into two isomor- 
phous phases: (1) a nickel-aluminum-rich 
nonmagnetic matrix and (2) magnetic iron-co- 
balt-rich precipitated particles that are epitaxi- 
ally orientated in the matrix and elongated 
along one of the (100) directions. 

The Alnico alloys can be prepared by cast- 
ing in shell molds or by powder metallurgy. 
The use of powder metallurgy depends on a 
knowledge of the domain theory of ferromag- 
netism. In the process the particle sizes of the 
alloy powders used are reduced so that they 
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approximate the size of single magnetic do- 
mains. The fine particles (0.02-0.05 рт) of 
the iron-cobalt alloys used can be prepared by 
thermal reduction of salts such as formates or 
oxalates or by controlled electrolysis of mixed 
iron-cobalt salt solutions. 


Rare-Earth-Cobalt Alloys. The most ге- 
cently developed permanent magnet alloys are 
rare-earth-cobalt alloys. Many of these mate- 
rials have the composition MCo,, where M is 
a rare-earth metal, and contain 60-65% co- 
balt. The anisotropy that gives high coercivity 
in these alloys arises from a hexagonal lattice 
that has the direction of easy magnetization 
along the hexagonal axis. Single domain parti- 
cles compacted in an external magnetic field 
retain the high coercivity of the individual par- 
ticles. Exceptionally high values of coercive 
force have been obtained in these alloys — the 
values for alloys based on samarium or 
praseodymium are the highest and can be as 
high as 650 kA/m. 


The rare-earth cobalt magnets are normally 
manufactured by melting the components in a 
protective atmosphere. The cooled melt is 
then crushed and milled to a fine powder, 
again in a protective atmosphere, before it is 
compacted to shape in an applied field. Two 
dominant groups of rare-earth-cobalt magnets 
are in commercial production. One group is 
based on single-phase SmCo, and the other on 
precipitation-hardened alloys near the compo- 
sition Sm(Co, Cu, Fe). A large amount of 
the samarium in SmCo, can be substituted by 
neodymium, praseodymium, or the natural 
mixture of rare-earth metals (mischmetals); 
this either increases the saturation polarization 
or decreases the cost of the alloy components. 


Table 17.6: Composition and magnetic properties of Alnico alloys. 


Composition, 96 
Co Ni Al Cu Ti Nb 
3-5 21-28 11-13 2-4 0-1 -- 
12-14 16-20 9-11 3-6 0-1 -- 
17-20 18-21 8-10 2-4 4-8 — 
23-25 12-15 78-85 24 0-0.5 — 
32-36 14-16 7-8 4 4-6 = 
24-25 13-15 78-85 2-4 -- 0-1 
32-36 14-16 7-8 4 4-6 0-1 


Method of Coercive 


maaca Remanence, T force, kA/m ВН max km? 
Cast 0.55-0.75 36-56 11-12 
Cast 0.65-0.80 40-50 13-14 
Cast 0.6-0.7 60-72 14-16 
Field treated 1.2-1.3 46-52 40-44 
Field treated 0-0-0.9 110-140 40-45 
Columnar 1.3-1.4 56-62 56-64 
Columnar 1.0-1.3 110-140 60-74 
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The uses of the magnets include focusing 
magnets in traveling wave tubes, magnetic 
bearings in ultrahigh-speed centrifugal separa- 
tors and inertia wheels, and actuators, motors, 
and generators of various sizes from watches 
to 100-horsepower motors, including brush- 
less motors. The magnetic properties of these 
alloys depend critically on their manufactur- 
ing history, but are characterized by an almost 
linear demagnetization curve between the re- 
manence and coercive force. Typical magnetic 
properties of some of the MCo, magnets are 
listed in Table 17.7. The Sm(Co, Cu, Fe), 
phase owes its coercive force to pinning of do- 
main walls on coherent precipitates embedded 
inside the grains either of a M,Co,, phase em- 
bedded in an MCo, matrix if x < 7 or discrete 
MCo, particles embedded in M,Co,, for x > 
7.8. The presence of copper is essential for this 
type of hardening, but it decreases the satura- 
tion polarization. 


Table 17.7: Properties of MCo, magnets. 


Rema- Coercive 


Magnet nence, Т force, КАлп BH paw KJ/m; 
SmCo, 0.85 600 140 
Sm, Pr, sCoy 5 0.95 600 176 
(Mischmetal)Co, 0.65 300 64 
PrCo, 0.94 660 150 


17.1.4 Hard Metal Alloys 


Because of their inherent high strength, 
corrosion resistance, and ability to retain hard- 
ness at elevated temperature, cobalt-based al- 
loys have been used extensively for over 50 
years in wear-related engineering applica- 
tions. 


Cobalt-Chromium Alloys (Stellite Alloys). 
The Stellite alloys were developed around 
1900 and over 20 compositions are now com- 
mercially available. They can be divided into 
two classes: (1) alloys of cobalt, chromium, 
tungsten, and carbon and (2) alloys of cobalt, 
chromium, tungsten, molybdenum, nickel, 
iron, and carbon. For special hard-facing ap- 
plications, these alloys can also be modified 
by the addition of small percentages of silicon 
and boron. 


Alloys 


The traditional alloys of cobalt, chromium, 
tungsten, and carbon contain ca. 30% chro- 
mium with varying amounts of tungsten (4- 
17%) and carbon (i-3.2%). They are used 
primarily in lubricated or high-temperature 
wear applications. The composition of a typi- 
cal tough-grade hard alloy is 30% chromium, 
4% tungsten, and 1% carbon, which has a 
Vickers hardness of 375 N/mm? at room tem- 
perature and of 100 N/mm? at 900 °C. A typi- 
cal medium-grade hard alloy contains 30% 
chromium, 9% tungsten, and 1.5% carbon and 
has hardness values of 470 N/mm? at room 
temperature and of 150 N/mm? at 900°C. A 
typical hard-grade hard alloy contains 32% 
chromium, 18% tungsten, 2.5% carbon and 
has hardness values of 600 N/mm? at room 
temperature and of 200 N/mm? at 900 °C. 

The Co-Cr-W-Mo-Ni-Fe-C alloys con- 
tain 25-32% chromium, 0-19% tungsten, 
3.22% nickel, 3-10% molybdenum, 5-2% 
iron, and 0.1-2% carbon in a cobalt base. The 
microstructure of the Stellite alloys consists of 
hard particles of Cr,C, dispersed in a cobalt- 
rich solid-solution matrix. The adhesion and 
cavitation-erosion wear characteristics that 
have been attributed to the matrix alloy are in- 
fluenced by a phase change from a strain-in- 
duced cubic form to a hexagonal fonn in the 
matrix alloy. The toughness and abrasion re- 
sistance of the alloys are, however, due mainly 
to the volume fraction of carbides and their 
morphology. 


17.1.5 Cobalt-containing High- 
Strength Steels [9] 


Cobalt is not one of the elements com- 
monly added to steels because its direct effects 
on the properties of steel are usually less than 
those achieved by other alloying elements. 
Cobalt is, however, an important component 
of steel when high strength is a requirement, 
and it is a unique alloying element in favoring 
the austenitic structure at the ferrite-austenite 
boundary and in raising the martensitic trans- 
formation temperature. 

The addition of a few percent of cobalt to 
low-alloy steels that contain strong carbide- 
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forming elements, such as molybdenum or 
tungsten, increases the tempering resistance of 
the steel. Solid-solution hardening of marten- 
sitic steels by the addition of cobalt is particu- 
larly noticeable in chromium stainless steels. 
High-chromium ferritic and martensitic steels 
containing 6-7% cobalt are used for high- 
temperature applications up to 550 °C. Cobalt 
is a particularly useful alloying element in 
controlled-transformation steels in which ini- 
tial cooling of the steel gives austenite, which 
can be cold worked and subsequently trans- 
formed to martensite by tempering or refriger- 
ation. A typical steel of this type contains 6% 
cobalt. 

Maraging steels are ultrahigh-strength al- 
loys and contain cobalt, nickel, and molybde- 
num with 5-20% cobalt. Cobalt plays an 
indirect role in the formation of intermetallic 
compounds containing minor alloy compo- 
nents such as titanium, which accelerates and 
enhances the hardening process. Cobalt also 
plays a prominant role in the short-range or- 
dering of the solid solution that leads to addi- 
tional hardening. The advantages of maraging 
steels are (1) good tensile strength and tough- 
ness that is maintained up to 350 °C and (2) 
their weldability either in the annealed or aged 
conditions without preheat or postheat stress- 
relieving treatments. 

Cobalt (5-129) can be added to improve 
the hot hardness of high-speed tool steels. 


17.1.6 Electrodeposited Alloys [10] 


Protective coatings of electroplated nickel 
cobalt alloys have been used for ca. 50 years. 
The 25% cobalt alloy deposited from sulfate 
electrolytes is ca. 3 times harder than electro- 
plated nickel and has about the same hardness 
as pure cobalt. The Vickers hardnesses of the 
electrodeposits vary with cobalt content, and 
for deposits from sulfamate-chloride solu- 
tions, they rise from ca. 200 N/mm? for nickel 
plate to ca. 540 N/mm? for a deposit contain- 
ing 40% of cobalt. The cobalt-nickel alloy de- 
posits also have improved corrosion resistance 
in many environments and have been used in 
the production of mirrors, decorative coatings, 


289 


and for electroforming. Electrodeposits of co- 
balt-tungsten alloys are of interest because of 
their hardness at high temperature. Hardness 
values in the range of 400-600 N/mm? are ob- 
tained for deposits with 30% tungsten; this in- 
creases to 500-700 N/mm? after heat 
treatment at 300-350 °C and remains as high 
as 650 N/mm? at 600 °C. These electrodepos- 
ited alloys have been used to improve the wear 
resistance of hot forging dies. 

The magnetic properties of a number of 
electroplated alloys have attracted attention 
for use in recording systems and computer ap- 
plications. The alloys with suitable magnetic 
properties include cobalt-iron, cobalt-nickel, 
cobalt-platinum, and cobalt-phosphorus. 


17.1.7 Alloys with Special 
Properties 


A number of cobalt-containing alloys have 
special applications; they are described in this 
section. 


Dental Alloys. Cobalt-chromium alloys have 
been used in dentistry for ca. 50 years. The 
most widely used alloy is Vitallium, which is a 
cobalt-based alloy containing 3096 chromium, 
5% molybdenum, and 0.5% each of carbon 
and silicon. The alloys are used for cast den- 
ture bases, complex partial dentures, and some 
types of bridgework. The properties of the al- 
loys that make them suitable for dental appli- 
cations are their good castibility, resistance to 
tarnish, compatibility with mouth tissues, high 
strength and stiffness, and low density. A 
modified alloy is used for porcelain coatings 
for crown restorations; it enables the crown to 
be fused to metal bridges. Alloys containing 
12% chromium, 9% nickel, 8% titanium, and 
1% molybdenum have expansion characteris- 
tics that match those of dental porcelain. 


Surgical Implants. Cobalt-chromium alloys 
similar to Vitallium are used for surgical im- 
plants and for bone replacement and repair be- 
cause they are very resistant to corrosion in 
body fluids. The best known prosthesis is hip 
joint replacement, but the alloys are also used 
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for plates, screws, and nails for fracture fixa- 
tions. Because the dynamic loadings on bone 
replacement implants amount to several mil- 
lion cycles artificial joints must also have high 
fatigue strength. 


Low-Expansion Alloys. Cobalt is used as an 
alloying element in low-expansion iron- 
nickel alloys of the Invar type. The cobalt con- 
tent can be up to 25% and the alloys are used 
for sealing metals to borosilicate glasses. 
These alloys have a face-centered cubic solid 
solution structure that is ferromagnetic within 
the low-expansion temperature range. The 
low-expansion behavior is probably caused by 
a contraction that is due to magnetorestriction 
canceling out the normal thermal expansion of 
the alloy. Low-expansion behavior can also be 
found in the cobalt-chromium-iron alloy sys- 
tem and the composition with 54% cobalt, 9% 
chromium, and 37% iron has an expansion co- 
efficient close to zero over the temperature 
range from -60 to +60 °C. 


Spring Alloys. The alloy Elgiloy is typical of 
the alloys used in springs. It contains 40% co- 
balt, 20% chromium, 15% nickel, 7% molyb- 
denum, 2% manganese, 0.15% carbon, 0.04% 
beryllium, and the balance being iron. After 
special treatment, this alloy has a Vickers 
hardness of 650 N/mm/, an elastic limit of ca. 
160 MN/m?, and a tensile strength of 2300 
MN/m?. 

Alloys with temperature-independent elas- 
tic moduli can be used as hair springs for 
watches and chronometers and for spring bal- 
ances. Although many of the alloys used for 
this purpose are based on nickel, a series of co- 
balt-based alloys containing 50-60% cobalt, 
25-35% iron, and 15-18% chromium have 
suitable properties and have been used for this 


purpose. 


Magnetic Recording Alloys. Much work has 
been carried out recently on the development 
of thin films of cobalt-containing alloys for 
use as magnetic recording materials [7]. The 
alloy films can be manufactured by vapor dep- 
osition, sputtering, ion-plating, and calender- 
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ing. Several alloy compositions have been 
described for use in recording applications; 
they include cobalt-nickel, copper-nickel- 
zinc-phosphonis, cobalt-iron magnesium- 
carbon, and cobalt-molybdenum-zirconium- 
niobium. Microcrystalline or amorphous films 
of the alloys are deposited on polymers and al- 
loys such as Co-Ni (80:20), and Co-Mo-Zr- 
Nb (81:7:10:2) have been used. Video re- 
cording tapes with smooth surfaces have also 
been produced by depositing a ferromagnetic 
layer of y-Fe,O,-Co powder. The magnetic 
properties of the films are important in record- 
ing applications. The films should have a 
nearly square B/H hysteresis loop and no mag- 
netorestriction. 


17.2 Bismuth 


The binary systems of alkalı metals or alka- 
line-earth metals with bismuth show interme- 
tallic compounds with high melting points. In 
the system Bi-Li, for example, the compound 
Li,Bi melts at 1145 °C. Some intermetallic 
compounds, especially those with K, Ca, and 
Mg, are or were used to separate bismuth from 
lead. The systems with Zn, Al, Ga, Co, or Si 
show limited solubility in the liquid phase. 
Bismuth and iron are insoluble in one another, 
therefore, iron equipment can be used for 
melting and refining the metal. The rare case 
of complete solubility in both the liquid phase 
and the solid phase appears in the system Bi- 
Sb. Some binary alloys, particularly those 
with Cd, In, Pb, Sn, and ТІ, as well as some 
multicomponent alloys, form low-melting eu- 
tectics (Table 17.8). The most common ones, 
called fusible alloys, are offered under the 
trade names Asarcolo, Cerrolow, Cerrobend, 
Belmont, and Ostalloy. 


Some multicomponent and some noneutec- 
tic compositions have both low melting points 
and the unusual characteristic of not contract- 
ing or even expanding on solidification. The 
alloy with 56% Bi, 20% Sn, and 24% Pb is 
said to have the largest volume expansion of 
any alloy [11]. Some alloys show effectively 
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no volume change: 50% Bi-50% Pb and 70% 
Bi-30% Pb, for example. 


Table 17.8: Fusible alloys [11, 12]. 


System Eutectic composition, % Rd DUAE. ec 
Cd-Bi Cd 40, Bi 60 144 
In-Bi In 66.3, Bi 33.7 72 

In 33 109 
Bi 67 
Pb-Bi Pb 43.5, Bi 56.5 125 
Sn-Bi Sn 43, Bi 57 139 
TI-Bi ТІ 23.5, Bi 76.5 198 
T1 52.5, Bi 47.5 188 
Pb-Cd-Bi РЬ 40, Cd 8, Bi 52 92 
Sn-Cd-Bi Sn 26, Cd 20, Bi 54 102 
In-Sn-Bi In 16, Sn 26, Bi 58 79 
TI-Pb-Bi Т 11.5, Pb 33.3, Bi 55.2 9] 
T1 48, Pb 9.8, Bi 42.2 186 
TI-Sn-Bi TI 14.3, Sn 35.7, Bi 50 124 
T125, Sn 31, Bi 44 167 
Pb-Sn-Cd- Pb 26.7, Sn 13.3, Cd 10, 
Bi Bi 50 70 
In-Cd-Pb- In 19.1, Cd 5.3, Pb 22.6, 
Sn-Bi Sn 8.3, Bi 44.7 47 
In 4.0, Cd 9.6, Pb 25.6, Sn 
12.8, Bi 48.0 64 


Bismuth forms with alkali metals and alka- 
line-earth metals alloys that superconduct at 
low temperatures. Examples are LiBi, NaBi, 
CsBi, and BaBi, Their transition tempera- 
tures are 2.47 K, 2.22 K, 4.75 K, and 4.69 K, 
respectively. 

Bismuth alloys are usually prepared by 
melting the components together, but preal- 
loyed metals are used for the exact adjustment 
of the composition. 

Bismuth is used as an alloy addition in steel 
and aluminum. The fabrication of low-carbon 
steel and stainless steel is improved by addi- 
tion of 0.15% Bi and 2.2% Pb. To aluminum 
alloys 0.2-0.7% each of bismuth and lead are 
added [11]. 


Uses. The versatility of bismuth alloys results 
from their extremely low melting points and 
their volume changes on solidification com- 
bined with low viscosity and low surface ten- 
sion. The composition can be chosen so that 
the alloy contracts, remains the same, or ex- 
pands as a result of solidification. The last two 
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cases, because they are unusual, are the most 
important. 

The eutectic alloy Bi-Cd-In-Pb-Sn, melt- 
ing at 47 *C, and some alloys melting higher 
are used for the automatic release of fire alarm 
systems, automatic sprinkler systems, electric 
fuses, and safety plugs for storage tanks. 

Thin-walled tubes and parts for the auto- 
mobile and aviation industries are covered or 
filled up with bismuth alloy melting below 
100 °C before bending or deforming to pre- 
vent collapse. After forming, the alloy can be 
melted out by dipping the part into boiling wa- 
ter. Especially suitable is the eutectic alloy Bi- 
Cd-Pb-Sn, which melts at 70 °C. It is very 
ductile and expands on solidification and dur- 
ing the first hour thereafter; therefore, it keeps 
the worked part under tension during bending 
or forming. 

The noneutectic alloy with 48% Bi, 28.5% 
Pb, 9% Sb, and 14.5% Sn, which melts over 
the range 103—227 °C, expands greatly during 
the first hours after casting, reaching its final 
volume after = 500 h, It can be used to grip 
tubes, tools, punches, and parts to be ma- 
chined. Because it is diamagnetic, it is suited 
for embedding magnets in equipment or filling 
the space between magnets. 

The noneutectic Bi-Sn alloy with 40% Bi 
and 60% Sn, which melts over the range 138— 
169 °C, contracts only 0.01% during solidifi- 
cation and aging. Such an alloy exactly repro- 
duces the shape and dimensions of the casting 
mold. In sprayed parts it reproduces the base 
in every detail. This alloy is used for test casts, 
copies of irregular parts, molds for thermo- 
plastic material in the rubber and plastic in- 
dustry, and for meltable casting cores. The 
eutectic Bi-Sn alloy with 57% Bi, melting at 
138 °C, expands 0.07% on solidification but 
contracts during the next 5 h. The final net ex- 
pansion is only 0.02%, This alloy is used in 
dentistry for the production of models and 
molds [13]. 

Some bismuth alloys wet glass, mica, and 
enamelled ceramics. They are used to seal 
such substances to each other and to metals, as 
well as to produce high-vacuum seals for glass 
equipment. A so-called bismuth cement con- 
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sists of 35% Bi, 37% Pb, and 25% Sn. Such 
alloys are used in holding devices for grinding 
and polishing glass and plastic lenses. Low- 
melting bismuth solders are used for the sol- 
dering of temperature-sensitive electronic 
parts [14]. 

Cs-Bi alloys are used in photocathodes. 
The low conductivity of bismuth results in a 
good quantum yield. Bismuth tellurides and a 
bismuth-antimony alloy with 11% Sb are 
used in photoelectric infrared detectors. The 
compound Bi,Te,, especially its solid solu- 
tions with Bi,Se, and Sb,Te,, is a useful ther- 
moelectric material. The system AgSbTe,- 
AgBiTe, also has interesting thermoelectric 
properties [15]. Mn-Bi alloys are permanent 
magnets [16]. 

In nuclear technology, bismuth and its al- 
loys may be useful for cooling and as heat-ex- 
change mediums because bismuth has an 
extremely low absorption cross section for 
thermal neutrons. However, nothing specific 
has been reported about use in modern reac- 
tors. 


17.3 Cadmium 


Numerous binary and tertiary cadmium al- 
loys, often with complicated phase diagrams, 
are known. For practical purposes, cadmium 
does not dissolve in molten iron or aluminum. 
A tabular summary of cadmium alloys is 
available [17], and there is special literature 
about cadmium alloys [18]. A number of cad- 
mium alloys, as a rule produced simply by 
melting, are used industrially. They can be di- 
vided by their principal use: solder, electrical 
conductors, and other. 


Solder. Cadmium forms alloys with silver, 
copper, and zinc that have low melting points 
and are widely applicable for the hard solder- 
ing of metals. The cadmium lowers the melt- 
ing point. More than 80% of the cadmium 
used in alloys is used for this purpose. 
Aluminum or aluminum alloys can be sol- 
dered to copper. brass, or stainless steel by 
lead alloys that contain antimony, tin, and 2.6— 
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17%, cadmium [19, 20]. Similar alloys that 
contain between 0.6 and 60% cadmium join 
glass and ceramics at temperatures under 
180°C [21]. For soldered connections on 
gold-plated electrical conductors, cadmium- 
containing zinc-lead-indium alloys are rec- 
ommended [22, 23]. Occupational-medicine 
aspects of cadmium-containing soldering are 
treated in [24]. 


Electrical Contacts and Conducting Wire. 
The addition of cadmium or cadmium oxide to 
silver, often the contact material in electrical 
switches, reduces the metal loss due to spark- 
ing. In addition, the welding tendency is de- 
creased, Cadmium (0.8-1%) improves the 
mechanical properties of copper wire without 
reducing its electrical conductivity. This is es- 
pecially useful in the case of the overhead 
wires supplying power to electrically powered 
locomotives [25, 26]. 


Other Alloys. Cadmium is a component of a 
few bearing alloys based on tin, copper, and 
aluminum, usually in amounts under 1%. 
Wood’s alloy and Lipowitz’s alloy, which con- 
tain between 6 and 14% Cd, are used as fus- 
ible alloys in automatic fire-protection 
sprinklers and other devices. Cadmium in the 
form of a 5% alloy with silver and indium is 
put to use in the control rods of nuclear reac- 
tors because !!2Са has a particularly large neu- 
tron capture cross section. A cadmium- 
selenium-indium alloy is an important com- 
ponent of a white-light laser for optical data 
processing systems [18]. 


17.4 Mercury 


The alloys of mercury (amalgams) occupy 
a special position among metal alloys because 
they can be solid, plastic, or liquid at room 
temperature. 

Liquid amalgams are true solutions of the 
alloying elements in mercury, whereas plastic 
amalgams are suspensions of solid particles of 
the alloying partners in mercury or a saturated 
mercury solution. Solid amalgams are inter- 
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mediary phases, often mixed with alloying 
partners or their primary mixed crystals. Solid 
amalgams may contain liquid-phase inclu- 
sions. An amalgam is sometimes difficult to 
identify experimentally. JaNcG has suggested a 
suitable apparatus for synthesizing and ana- 
lyzing amalgams [27]. 

The solubility of many metals in mercury 
depends strongly on temperature (Figure 
17.1). The solubility of some metals in mer- 
cury at room temperature is given in Table 
17.9. Amalgam formation may be exothermic 
(e.g., sodium) or endothermic (e.g., gold). 
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Figure 17.1: Solubility of some metals in mercury as a 
function of temperature [29]. 


Table 17.9: Solubility of some metals in mercury at 20 °C 
27]. 


Metal Solubilit,% Metal Solubility, % 
ТІ 42.5 Mg ca. 0.3 
Cd 5.0 Au 0.131 
Zn 1.99 Ag 0.035 
Pb 147 Cu ca. 0.002 
Sn ca.0.9 Al 0.002 
Na 0.62 Fe ca. 10% 
K ca. 0.4 Si virtually insoluble 


Ammonium amalgam, which has been 
known for a long time, is an interesting case of 
the NH, group acting as a metal-like alloying 
constituent. The synthesis of tetramethylam- 
monium amalgam is described in [28]. 
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Technically important amalgams are those 
of tin-copper precious metals used in conser- 
vative dental treatment. 

Gold, silver, or tin amalgams are still used 
for much gold- and silver-plating work, as 
well as for production of certain types of mir- 
rors. The measurement range of mercury ther- 
mometers can be extended to -58°C by 
addition of thallium to mercury. 

Alkali amalgam is an important intermedi- 
ate in chlor alkali electrolysis by the amalgam 
method. Amalgams also play a role in the ex- 
traction of cadmium or aluminum [29]. 

A comprehensive list of thermodynamic 
data on amalgam formation has been collected 
by Guminski [30]. After surveying the litera- 
ture, he is of the opinion that liquid mercury 
greatly influences intermetallic compound 
formation. The reactions are comparable to 
the solid-state formation of ionic and nonionic 
substances in liquids. 


Production of Amalgams. Three methods are 
used for the industrial production of amal- 
gams: 


e Powder Metallurgy Method. The powdered 
alloying components are mixed with mer- 
cury. The reaction rate of spontaneously oc- 
curing amalgam formation is determined 
by the degree of dispersion of the powder, 
the rate at which reactants diffuse into one 
another, and the wettability of the powder 
by liquid mercury. If other components be- 
sides mercury are added simultaneously, 
they are preferably pulverized as master al- 
loy in the desired weight ratio. In many 
cases, the powder reacts with mercury more 
quickly in the presence of a salt of the ele- 
ment to be amalgamated. 


e Galvanic Method. Many metals can be de- 
posited from their aqueous solutions or from 
salt melts on mercury cathodes, with simul- 
taneous formation of an amalgam. Because 
ofthe high overvoltage of hydrogen on mer- 
cury or amalgam cathodes, even nonprec- 
ious metals (Zn, Fe, Mn) can be deposited 
from acid solutions. Nonaqueous solutions 
may also be used (with Mg, Ti). 
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e Reaction with Sodium Amalgam. Metal ex- 
change can occur in a fast and stoichiomet- 
ric reaction through the phase boundary by 
reaction of sodium amalgam with the salt 
solution of a precious metal (or, generally, 
by reacting a nonprecious amalgam with a 
noble-metal salt solution). 


17.5 Indium 


Table 17.10 summarizes the western-world 
eonsumption of indium by end use [31-33]. 

Low-melting alloys represent a major use 
of indium. Indium is added to solder alloys, 
mostly composed of tin and lead, to increase 
thermal fatigue resistance, and to improve 
malleability at low temperature and corrosion 
resistance. Indium solders are used in elec- 
tronics for fixing semiconductor chips to a 
base, for assembling semiconductor devices 
and hybrid integrated circuits, and to seal glass 
to metal in vacuum tubes. These solders are 
mainly used in the form of a paste, whose 
main components are Pb, Ag, Cd, In, Sn, and 
an organic binder. 


Table 17.10: Estimated western-world consumption of in- 
dium in 1985 [31]. 


Use Consumption, t 
Low-melting alloys 12 
Bearings 9 
Dental alloys 7 
Nuclear reactor control rods 3.3 
Low-pressure sodium lamps 4-5 
Electrical contacts 8 
Alkaline dry batteries 6.3" 
Phosphors e 


Semiconductors 
Lasers, photodetectors, integrated 


circuits (Ga-As In-P, In-P) 5 
CCDs in infrared video cameras 
(image orthicons, In-Sb) 3.5 
Liquid crystal displays 7 


a 1987 data [32]. 
b 1986 data for Japan [33]. 


Fusible indium alloys are usually based on 
bismuth in combination with lead, cadmium, 
tin, and indium. 

Fusible indium alloys are used to bend thin- 
walled tubes without wrinkling the wall or 
changing the original cross section. The alloy 


Alloys 


is cast in the tube, rendering it effectively 
solid. After bending, the alloy can be melted 
out using hot water. 

These alloys are also used in fire-control 
systems. Restraining links that hold alarm, 
water valve, and door operating mechanisms 
in place are soldered with a low-melting alloy. 
A rise in temperature sufficient to melt the al- 
loy results in the system coming into opera- 
tion. 

Fusible alloys are used for making dispos- 
able patterns and dies for the founding of fer- 
rous and non-ferrous metals. 

They are also used as temperature indica- 
tors in situations where other methods of tem- 
perature measurement are impracticable. 
Small rods of alloys of known melting point 
are inserted into equipment such as aircraft 
header tanks, test bearings, and experimental 
rigs. The melting of the alloy thus indicates 
the temperature attained in particular parts of 
the test system. 

Addition of indium to lead-tin bearings for 
heavy-duty and high-speed applications pro- 
vides particularly high resistance to fatigue 
and seizure. These bearings are used in piston- 
type aircraft engines, high-performance auto- 
mobile engines (formula 1) and in turbo-diesel 
truck engines. 

The addition of indium to gold dental al- 
loys improves their mechanical characteris- 
tics and increases resistance to discoloring. 
Small amounts of indium are used to improve 
the machinability of gold alloys for jewelry. 

Indium is used in nuclear reactor control- 
rod alloys (80% Ag, 15% In, and 5% Cd). The 
consumption of indium in this field is esti- 
mated at 3.3 t/a for the replacement of control 
rods in existing nuclear power plants [31]. 

In low pressure sodium lamps (SOX 
lamps), indium is applied as a thin layer of in- 
dium-tin oxide on the inside of the outer glass 
envelope. The indium-tin oxide film increases 
the operating temperature and the efficiency 
of the lamp. Low pressure sodium lamps, 
characterized by their orange color, are mainly 
used in the United Kingdom, Belgium, and the 
Netherlands. The production of SOX lamps 
accounts for 4-5 t/a indium [31]. 
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Indium is now used as a corrosion inhibitor 
in alkaline dry batteries as a substitute for 
mercury. This allows the mercury content of 
the amalgamated zinc powder used in their 
production to be reduced from 7% to 1-3% 
[34]. 

Intermetallic compounds of indium find ap- 
plication as semiconductors. The development 
of the second generation of optical fiber com- 
munication systems in the early 1980s with 
substantially lower levels of attenuation at 
wavelengths near the infrared region of 1.3 
um and 1.55 рт has led to the development of 
new semiconductor lasers and photodetectors. 
Laser diodes based on indium-gallium ars- 
enide phosphide emit in the 1.27-1.6 um re- 
gion. Indium-gallium arsenide photodetectors 
have high responsivity at 1.3 and 1.55 um. 


17.6 Thallium 


No large application potential for thallium 
has so far been found. The unalloyed metal is 
unsuitable for direct use, owing to its unfavor- 
able mechanical properties and marked ten- 
dency to oxidize. The radioactive isotope TI 
is a ß-emitter with half-life ca. 3.5 years, and 
is used as a radiation source in materials test- 
ing, principally for thickness measurements 
on metals and nonmetals. It has been discov- 
ered that 205Т] has the most constant atomic vi- 
brations so far observed. This property has led 
to its use in atomic clocks. 

These special applications require ex- 
tremely pure grades. The very pure metal sup- 
plied by Unterharzer Berg- und Hüttenwerke 
contains > 99.999% TI, i.e., the sum of all the 
impurities does not exceed 10 g/t [35]. Ameri- 
can Smelting and Refining supply “high-pu- 
rity thallium”, with the same purity. The 
following figures are quoted for the impurities 
[40]: Cu < 1 g/t; Pb i g/t; Fe < 1 g/t; Ag, Sn, 
Mg, and Si spectrographically undetectable, 
but < 1 g/t; other elements spectrographically 
undetectable. 

Thallium readily forms alloys with most 
other metals. There is complete mutual insolu- 
bility with iron, and limited solubility 1n the 
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liquid state with copper, aluminum, zinc, ar- 
senic, manganese, and nickel. The melting 
points of thallium lead alloys are higher than 
those of the pure metals, the maximum, 
380 °C, being reached at 37.896 Pb. There is a 
resemblance to the two-component systems of 
lead, especially in alloys of thallium with cop- 
per, aluminum, zinc, and nickel. Gold, silver, 
cadmium, and tin form simple eutectics with 
thallium. Thallium also forms binary alloys 
with antimony, barium, calcium, cerium, co- 
balt, germanium, indium, lanthanum, lithium, 
magnesium, strontium, tellurium, and bis- 
muth. 

Alkalı metals, alkaline earth metals, some 
metals of the rare earth group (e.g., lantha- 
num, cerium, praseodymium), and mercury 
form intermetallic compounds with thallium, 
some of which have unusually high melting 
points, e.g, CeT] (1240 °C) and PrTi (ca. 
1150°C). The compound with mercury, 
Hg,Tl,, has mp 14.5 °С and forms eutectics 
with thallium and mercury: TI-Hg;Tl, with 
40.45% TI melts at 0.6 °С and Hg-Hg;TL, 
with 8.5% T] at -58.4 °C. 

Of the systems with three or more compo- 
nents, the combinations with bismuth, lead, 
and cadmium have been much investigated. 
These have very low melting points over wide 
ranges, and in most cases form ternary or qua- 
ternary eutectics. For example, the melting 
point of the Bi-Pb-T] eutectic with 11.5% ТІ, 
55.2% Bi, and 33.3% Pb is 90.8 °C, and the 
melting point of the quatemary В-Са-Рр-ТІ 
eutectic with 8.9% ТІ, 44.3% Bi, 35.8% Pb, 
and 11.0% Cd is 81 °C [36]. 

The ternary alloys TI-Pb-Bi, ТІ-АІ-Ар, 
In-Hg-Tl, Sn-Cd-Tl, Bi-Sn-Tl, and Bi-Cd- 
ТІ are used as semiconductors or in ceramic 
compounds (37, 38]. 

The quaternary alloys Ti-Sn-Cd-Bi, Pb- 
Sn-Bi-Tl, and Pb-Cd-Bi-Tl are known [38]. 

Thallium, like tin, cadmium, lead, etc., has 
good wear resistance when used in bearings 
for steel shafts. As additions of thallium also 
increase the deformation resistance, breaking 
strength, yield, strength, and hardness of lead 
and its alloys, thallium-containing alloys are 
frequently recommended for bearings [39]. 
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The alloy 72% Pb, 15% Sb, 5% Sn, and 8% 
Tl is superior to the best tin-based bearing 
metals with respect to yield strength and 
breaking strength. Bearing metals based on 
Pb-Tl-Cd with high cadmium ‚content can 
have compositions in the range 0.01-5% TI, 
5-40% Cd, the rest being Pb [40]. However, 
thallium has since been replaced by indium as 
an alloy constituent [41]. 

Addition of thallium to gold, silver, and 
copper contacts in the electronics industry 
(e.g., 0.05-20% ТІ added to copper alloys) re- 
duces the tendency to sticking [41]. 

In solid-state rectifiers, especially selenium 
rectifiers, addition of thallium increases the 
blocking resistance [42]. 

Addition of thallium can reduce the melting 
point of mercury from -39 °C to са. -59 °C. 
One use for this low-melting Hg-TI alloy is 
for low-temperature thermometers [43]. 

The increase in the melting point of lead by 
addition of thallium is used in special types of 
electrical fuses and in solder (thallium content 
< 20%) where a higher melting point is re- 
quired [44, 45]. 


177 Chromium 146) 


Chromium is used іп ferrous and nonfer- 
rous alloys, ın refractories, and in chemicals. 
Chromium enhances an alloy’s hardenability, 
creep and impact strength, and resistance to 
corrosion, oxidation, and wear. Ferrous alloys, 
mainly stainless steels, account for most of the 
consumption. These steels have a wide range 
of mechanical properties as well as being cor- 
rosion and oxidation resistant. Cast irons may 
contain from 0.5% to 30% Cr, which provides 
hardenability, toughness, hardness, and corro- 
sion and wear resistance. Chromium is widely 
used in nonferrous alloys, including those 
based on nickel, iron—nickel, cobalt, alumi- 
num, titanium, and copper. In Ni, FeNi, and 
Co, Cr is used for oxidation and corrosion re- 
sistance. In Al, Ti, and Cu it controls the mi- 
crostructure. 

In the manufacture of steel, chromium is 
added usually in the form of ferrochrome. 


Alloys 


Pure chromium metal, produced by electro- 
lytic or aluminothermic processes, is used for 
alloying nonferrous engineering materials. 
The most common materials are nickel-based 
and cobalt-based alloys, most of which are 
used at high temperature. 

The only true chromium-based alloys that 
have been developed and used commercially 
are a few chromium-nickel alloys developed 
by the International Nickel Co. (INCO). These 
materials contain 50-60% chromium; the re- 
maining percentage is nickel, with either nio- 
bium (columbium) or titanium specifed as 
carbon and nitrogen scavengers. These alloys, 
as well as materials cited in [47, 48], often re- 
ferred to as superalloys, are used in construct- 
ing high-temperature exposed components in 
chemical and petrochemical industries. 

Chromium-based alloys have found a 
unique application in power stations as sup- 
ports for heat exchanger pipes. The balance of 
cobalt- and nickel-based high-chromium al- 
loys are used mainly in components for gas 
turbine engines and for parts requiring resis- 
tance to elevated temperature, oxidation, and 
hot corrosion. 

Chromium alloys of Ni, Fe Ni, and Co are 
produced in a ratio of about 10:5: 1; total an- 
nual production is ca. 7 x 10* t. By far the al- 
loys produced in greatest quantity are the 
solution-hardened types, such as alloy 600 
(75% Ni-15% Cr-10% Fe) and alloy 800 
(35% Ni-20% Cr-balance Fe). Special pur- 
pose Ni-Cr-Mo alloys, which have generated 
a significant volume, include Hastelloy X and 
alloy 625. These alloys are used in sheet, 
plate, bar, wire, and tube forms for a wide va- 
riety of applications in industries, such as pet- 
rochemical, chemical processing, heat 
treatment, pollution control, nuclear power, 
and transportation. 

The most widely used wrought nickel- 
based age-hardened superalloys are Waspaloy 
and alloys 700 and 718. Popular iron-nickel 
superalloys include 901 and A-286. The only 
wrought cobalt-based alloy used in any vol- 
ume is Haynes 188. Investment cast superal- 
loys include 713 and 718 and the cobalt-based 
alloy Х-40. Wrought and cast superalloys are 
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used primarily in static and rotating parts for 
gas turbine engines, although they are also 
used for other applications, including petro- 
leum production. Because of the demanding 
service required of these very expensive al- 
loys, many special purpose proprietary com- 
positions have been developed. 

Recent advances in nickel-based alloys in- 
clude prealloyed powders, coating technology, 
rapid solidification, single-crystal technology, 
oxide dispersion, strengthening, and metal 
matrix composites. Although all of these de- 
velopments are for products with relatively 
low commercial volume, they represent the 
leading edge of materials technology and have 
spurred a new series of unique alloys. 

Producer and user specifications may allow 
for substitution of a special quality ferrochro- 
mium for chromium metal [49]. Chromium 
metal is also required in a few examples of 
iron-based engineering alloys in which the use 
of ferrochromium would introduce undesir- 
able levels of certain elements deleterious to 
the physical properties of the end product, 
such as aircraft landing gears |50). 

Chromium metal in powder form is used in 
the manufacture of cermets [51]. The cermets 
of commercial importance are as follows: 
Cermet LT-1: 77% Cr, 23% ALO, 

Cermet LT-1B: 59% Cr, 19% А1,О,, 20% Mo, 2% TiO, 
Cermet LT-2: 25% Cr, 15% AI,O,, 6% W 

These particular cermets have very good 
thermal stability and corrosion resistance. 
Both LT-1 and LT-IB exhibit good creep re- 
sistance up to 1200 °C. Cermets are used for 
thermocouple tubes, crucibles for ovens, shut- 
tles in the textile industry, gas tubes and rings 
in gas turbines, components of sulfuric acid 
pumps (LT-1), and for inserts in rocket noz- 
zles (LT-2). Other applications are crucibles, 
pans, casting molds, casting forms, and noz- 
zles. 

Small alloying additions of chromium to 
copper between 0.3% and 1.2% are used to 
provide higher strength and, in some applica- 
tions, abrasion resistance, while reducing con- 
ductivity only slightly. Copper-chromium 
alloys are used for electrode tips for spot weld- 
ing in the automotive industry, rotating con- 
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tact parts, rings, and other electrical 
applications [51]. Recently, rapid solidifica- 
tion processing and solid-state microblending 
has resulted in the development of a more ho- 
mogeneous microstructure in copper-chro- 
mium alloys [52]. 

Wrought aluminum alloys contain small 
amounts of chromium (0.10-0.3%) in addi- 
tion to other alloying elements, such as mag- 
nesium and manganese [53]. 

Cast aluminum alloys contain 0.05-0.40% 
chromium [54]. In both the cast and wrought 
aluminum alloys, the chromium imparts in- 
creased corrosion resistance and improved 
physical properties. 

Chromium metal from electrolytic or alu- 
minothermic processes is used in a briquetted 
aluminum powder compact to provide the al- 
loying addition to both cast and wrought alu- 
minum products [55]. Two grades of smelted 
binary aluminothermic chromium-aluminum 
alloys (10% chromium and 20% chromium) 
are also used. 

Other binary aluminothermic chromium al- 
loys available for special alloying require- 
ments are chromium-molybdenum (30% Mo) 
and niobium-chromium (3096 Nb). Chro- 
mium-tungsten binary alloys were once used 
but are now redundant (56, 57]. 

Metallic chromium powders are used in 
both coated and cored welding electrodes. 
Small quantities of pure chromium are used 
for anodes in X-ray tubes and also for vacuum 
vaporization or sputtering. 

Chromium powder, as well as ferrochro- 
mium powder, has been used in considerable 
quantities to produce chromium coatings. 

The so-called pack chrome coating (57, 58] 
is applied to cast and wrought steel parts by 
immersing the article in a mixture of chro- 
mium powder; an inert material, e.g., kaolin, 
alumina, or magnesia; and mixtures of various 
salts, such as ammonium, iodide, or chloride. 
The packed part is then heated in an inert at- 
mosphere at 900-1300 °C (heating time is de- 
pendent on part size). 

Another procedure is the so-called gas 
chromium coating [58]. Steel parts and the 
chrome coating mixture are placed in a vessel 
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at 1050-1250 °C. Volatile chrome compounds 
react with the steel components. The coating 
mixture consists mostly of chromium powder 
(both chromium metal and ferrochromium 
have been used [59]); inert materials (similar 
to those used in the pack chromium coating), 
and a relatively high concentration of a salt 
(fluoride, ammonia, or cryolite). 

The gas chromium coating has been used to 
produce a so-called tin-free steel and to treat 
sheet steel on a continuous line. 


Although chrome plating is used to produce 
a shiny as well as a hard satin finish, the 
source is from chromium salts rather than 
from aluminothermic or electrolytic chro- 
mium. 


Chromium as the main alloying compo- 
nent has been reported in the literature [60, 
61]. To date, none of these alloys is industri- 
ally significant. The cited reasons for lack of 
commercial application are the lack of ductil- 
ity and the difficulty of processing these chro- 
mium-based alloys. Some of the alloys 
investigated that appear promising and the 
properties studied are listed in Table 17.11 
[60, 61]. 


17.8 Manganese [62] 


17.8.1 Manganese іп the Iron and 
Steel Industry 


More than 9054 of the manganese mined is 
used in the steel industry. In the production of 
normal mild steel, high-carbon ferromanga- 
nese and silicomanganese are used; however, 
in special low-carbon steels, medium-carbon 
ferromanganese, low-carbon ferromanganese 
or electrolytic manganese 1s used. A steel pro- 
ducer has to weigh up the additional costs of 
the refined manganese alloys against the extra 
time in the argon oxygen decarburization pro- 
cess that would be necessitated by the use of 
carbon-containing alloys [63]. Manganese oc- 
cupies a special place among all alloying ele- 
ments as it is present in almost all types of 
steel and cast iron. 


Alloys 


The addition of manganese to iron-carbon 
systems has the following effects: 


e It retards the rate of transformation (i.e., it 
increases the hardenability). 


ө It lowers the martensitic start temperature. 
This effect is 40 °C at 1% addition of man- 
ganese and increases linearly to 200 °C with 
5% addition. 


Manganese has extensive solid solubility in 
austenitic iron; therefore, it has no solution 
hardening effect in austenite. The solubility of 
manganese in ferritic iron is limited to 3% 
Hence, manganese exhibits a solution harden- 
ing effect in ferrite (30-40 MPa per % Mn). 


Hadfield’s austenitic manganese steels 
(which were developed from 1882) contain 1- 
1.4% carbon апа 10-14% manganese. When 
they are quenched from 1000 °C the normal 
hardening transformation temperature is sup- 
pressed by the manganese and the steel re- 
mains austenitic at room temperature. These 
steels are exceptionally tough, have high ten- 
sile strength, and are wear resistant due to 
work hardening. As a consequence, they are 
used extensively in the mining and earth mov- 
ing industries, 

Manganese is a milder deoxidant than sili- 
con and aluminum. Manganese enhances the 
effectiveness of aluminum and silicon as 
deoxidizers of steel due to the formation of 
stable manganese silicates and aluminates. 


The solubility of nitrogen in ferrite is in- 
creased by the presence of manganese. The so- 
lution hardening effect of manganese is 
considerably enhanced by nitrogen, which is 
valuable in high-temperature creep-resistant 
alloys. Both the yield and ultimate stress at el- 
evated temperatures are increased by the pres- 
ence of nitrogen in steel, and this effect is 
enhanced by the presence of manganese. 


Nitrogen is a powerful austenizing agent in 
steels and can be used as a partial substitute 
for nickel in austenitic stainless steels. The 
solubility of nitrogen in stainless steels is in- 
creased by the addition of manganese, and this 
is the basis of the series 200 stainless steels. 
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Table 17.11: Composition and properties of some chromium alloys under development [60, 61]. 


Alloying elements, % (remainder is Cr) 


Tensile strength, Ductile-brittle transi- 


100 hat tion temperature, °C 

W Mo Ta V Ti Zr Si MgO C Other 1150 °С, N/mm? Tension Impact 
United States 
C-207 75 — — — 0208 — — 01 0.15(Ү) 83 120 370 
Сі-41 -- 71 2 0.00 0.1(Y+La) 10 230 -- 
ІМ-15 Жылыш gene = — — — 01(¥),0.1(B) 137 380 330 
Chrome 30 — -- -- 0.5 6 41 -12 160 
Chrome 90 --- — 25 — — 05 3 — — 55 -18 290 
Chrome 90 S -- — 2 2505 — 1 3 0.5 — 17 180 590 
Australia 
Alloy E -- -- 2 — 05 — 05 — — -- 52 25 315 
Alloy H ee ne OS ош g— 00.5 (Ве) = 25 = 
Alloy J fona ыш уша 0.5 ER d = 


Manganese has had a long association with 
the efforts of steel makers to remove sulfur 
and to minimize the harmful effects of residual 
sulfur in steel. In the absence of sufficient 
manganese, sulfur can concentrate in the inter- 
stitial liquid in the form of ferrous sulfide. 
This compound has a low melting point and 
can persist as a liquid down to low working 
temperatures. This can cause cracking (hot 
shortness) during steel rolling. Steel requires a 
manganese to sulfur ratio of 4 for adequate 
ductility in the hot working range (950- 
1150 °C). In practice, ratios of up to 20 are 
used. 

One of the most significant properties of 
steel is its ability to harden with heat treat- 
ment. A number of alloying elements can in- 
fluence the hardenability of steels but 
manganese has become virtually synonymous 
with hardenability due to its effectiveness, 
availability, and relatively low cost. Increasing 
the manganese content permits the use of 
lower heat treating temperatures for steel parts 
where the use of higher temperatures would 
result in deformation. 

Shortages, notably during the Korean War, 
originally prompted the use of manganese as a 
replacement for some of nickel in austenitic 
stainless steels. 

In the AISI 200 series, about half, and 
sometimes more, of the nickel in a more con- 
ventional 18/8 steel is replaced by a combina- 
tion of manganese and nitrogen. AISI 201 is at 
present the flagship of the series. Type 205 
should be receiving increasing attention. 


During the depressed price of nickel at be- 
low $6/kg until late in 1987, the price of type 
201 in the United States remained lower than 
that of type 301 or 304, and thus type 201 con- 
tinued to be produced and used in the face of 
the oversupply of nickel. There is a price ad- 
vantage inherent in series 200, which could 
probably benefit from further research and de- 
velopment. For example, a type 20X, which 
contains some copper in addition to manga- 
nese, has been proposed as a direct challenge 
to type 304. 

Technical problems previously associated 
with some manganese-bearing stainless steels 
(refractory wear, nitrogen introduction, con- 
tinuous casting, rolling) have been largely 
overcome. 

Numerous proprietary steels, some covered 
by patents and trade names, have been devel- 
oped. The feature of these steels is not so 
much the saving in nickel, but their high 
strength and austenite stability under stress at 
low temperatures. Also, their corrosion, wear, 
galling, and welding properties are enhanced 
to various degrees. 

The new version of type 201, which has a 
maximum carbon content of 0.03%, may have 
an advantage over standard type 301 in appli- 
cations involving welding and subsequent ex- 
posure to intergranular or stress-corrosion 
environments. The composition of the various 
series 200 stainless steels is given in Table 
17.12. | 

High-manganese stainless steels (e.g., 22% 
manganese, 13% Cr, 5% nickel) have been 


developed by Kobe Steel for use as structural 
material at 4 K. The magnetic permeability of 
these steels at that temperature is 1.001, with 
no deterioration even after cold-working. 
These developments will find increasingly 
wide applications in fusion reactors, magneto- 
hydrodynamic generators, electromagnetic 
thrusters, and magnetically levitated (Ma- 
glev) trains. 


Alloys 


Table 17.12: Nominal composition of manganese steels, 
%. 


Table 17.13: Composition of some manganese-containing copper alloys. 


Alloy Mn, % Cu, % 
Copper manganese 10-40 65-70 
Manganese bronze 5-15 
Resistin 15 
Hard brass 1.5 56 
Special brass 58 Al, 2 58 
Special brass 59 2.5 58 
Special brass 64 4 65 
Manganin 12 83 


Table 17.14: Nitriding of ferroalloys. 
Nitrided alloys (sintered) 


Low-car- Low-car- Low-carbon 
bon Fe- Fe-V Боп Ғе- Fe-V Ее-Мп + 
Mn Mn Fe-V 1:1 
Mn,% 90.9 83.2 40.3 
V, 96 80.2 71.3 35,6 
N, % 003 0013 77 11.0 11.1 


17.8.2 Manganese in Nonferrous 
Alloys 


Manganese alloys with nonferrous metals 
are made with low-carbon manganese. The 
addition of manganese improves hot and cold 
strengths, resistance to corrosion, and form- 
ability. A number of manganese alloys with 
nonferrous metals have therefore been devel- 
oped, but of these only the alloys with copper 
and aluminum have achieved importance, 

‘In combination with magnesium and other 
alloying metals, manganese produces the de- 
sired modification and hardening of aluminum 
alloys, e.g., Duralumin. 

The Ni-Cu-Mn alloys have high electrical 
resistivity. The manganese contents of the 
most important copper alloys are given in Ta- 
ble 17.13. The alloy Manganin is used on a 
large scale as an electrical resistance material 
as its resistivity varies only slightly at high op- 
erating temperatures. . 


201а 201b 205 20Х 
Cc 0.05 0.03 0.15 0.1 
Mn 6.75 6.50 15.0 7.0 
Ni 4.0 3.75 1.0 36.0 
Cr 16.75 16.75 17.25 14.75 
Si 0.5 0.3 0.3 0.3 
N 0.15 0.25 0.35 0.08 
Cu 2.5 
Ni, % Zn, % Pb, % Al, % Fe, % 
42 
3 37 0.5 1.6 
3 1.5 
7 4 
3-5 0.2 


17.8.3 Nitrogen-Containing 
Manganese Alloys 


The following types of manganese are suit- 
able for nitriding: manganese metal, electro- 
lytic manganese, and refined ferromanganese. 
High-carbon manganese can take up only 
small amounts of nitrogen because of the man- 
ganese already combined as carbide. 

The nitriding process is carried out in an- 
nealing furnaces (e.g., hood type) in an atmo- 
sphere of pure nitrogen. The manganese metal 
or ferromanganese is in the form of powder or 
small pieces and the temperature is 700- 
1100 °C. Ferromanganese absorbs between 4 
and 6% nitrogen; increased manganese con- 
tent gives increased uptake of nitrogen. 

According to a patent of the Gesellschaft 
für Elektrometallurgie mbH, Düsseldorf [64] 
the nitrogen uptake of ferromanganese is im- 
proved by mixing with other ferroalloys such 
as ferrovanadium or ferrochrome. The nitrid- 
ing is carried out by heating ferromanganese 
in an annealing furnace for 8h at 950 °C in a 
nitrogen atmosphere at 101 kPa. Results ob- 
tained for the nitriding of low-carbon ferro- 
manganese and ferrovanadium both separately 
and as a mixture are given in Table 17.14. 

Ferromanganese may also be nitrided in a 
medium-frequency induction fumace [65]. 
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The temperature of the fine grained ferroman- 
ganese (1—5 mm) is raised to ca. 1200 °C, i.e., 
a little below the melting point. On cooling the 
furnace under nitrogen pressure, a sintered 
block is obtained containing up to 7% N. If the 
nitrided ferromanganese is heated above its 
melting point, decomposition of the manga- 
nese nitride takes place and a molten ferro- 
manganese is obtained with 1.5-2.5% 
nitrogen. This nitrogen is distributed very uni- 
formly in the alloy so that its use as a steel ad- 
ditive gives very reproducible nitrogen 
contents (Table 17.15). 

Ammonia is also used for nitriding of man- 
ganese and ferromanganese [65]. In this case, 
low temperatures are used (600-700 °C) and 
the nitrogen contents achieved are 12-13%. 
Ammonia also Jeads to decarburization; in the 
nitriding of a ferromanganese powder, the car- 
bon content is reduced from 1% to 0.1%. 
Table 17.15: Nitrogen-containing manganese alloys. 

Composition, % 


Alloy t 
IR N C,max Si,max Р, max 
46 1 1.5 0.20 
1.5-2.5 0.10-0.30 1.5 0.15 


Sintered 75-85 
Melted 80-85 
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